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INTRODUCTION. 


The use of magnetic-susceptibility determinations in elucidating the chemical 


structure of haemoglobin derivatives is a recent and most important advance. 


Pauling and his co-workers have derived results of great interest from their ex- 
perimental studies, particularly in respect to the alteration in chemical linkages 
which haemoglobin undergoes when it combines with either oxygen or carbon 
monoxide. Some of the experimental work published has lacked a complete ex- 
planation, and for this reason the author decided to repeat and extend the work 
on haemin, the prosthetic group of haemoglobin. This compound contains no pro- 
tein group and is readily obtained in a pure, crystalline condition. It should thus 
be possible to measure accurately its magnetic susceptibility in order to follow 
changes in the chemical linkages of the central iron atom of the haemin. 


EXPERIMENTAL. 


The apparatus constructed to measure these magnetic properties was a modification 
of the Curie-Cheneveau torsion balance. The improvements made on the original balance may 
be found in the papers of Gray and co-workers (1932, 1936). In the course of a general 
description further improvements made by the author are mentioned below. 

A large permanent, circular Alnico magnet was mounted on a marble plate by means of 
hall-bearings. The air-gap of the magnet was uppermost and was reduced to a width of 1 em. 
by means of soft-iron pole-pieces. An extension of the bearing enabled the magnet to be rotated 
from underneath the plate with a cord and counterweight system. The marble plate (1” thick) 
was bolted at three points to a slate table (2” thick) ; levelling being carried out and left per- 
manently. A case was built on the plate with sheet brass supported by angle pieces. The centre 
of the rigid brass top carried a cylindrical brass tower down which hung the silica torsion fibre. 
This fibre which was coaxial with the ball-bearing, could be raised or lowered by means of an 
adjustable head. The manufacture of the silica fibre was the most difficult part of the experi- 
ment because the new magnet alloy enabled a thicker silica fibre (diameter 0-2 mm.) to be used. 
Fibres of the required diameter and length were prepared by heating a silica rod with a large 
oxyacetylene flame; the melted rod was allowed to fall through a distance, found sufficient by 
previous trials, to give a fibre of the correct dimensions. Small aluminium eyelets (Fig. 1, E) 
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were cut and drilled for mounting on the ends of the fibre. A very stable fixation was obtain: 
by fusing the fibre end to give a small knob which was then pushed into the eyelet-hole previous 
filled with molten shellac. One hook was also cut from aluminium to hold the top end of th 
fibre. The lower end supported a small beam which was cut from sheet aluminium (1-6 mn 
thick). The diagram shows the essential parts; the sector (S) was twisted through a right ang 
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Fig. 1. Beam construction (actual size). 








and this enabled it to swing between the pole-pieces of a small magnet (Alnico). Any sudden 
vibrations of the beam were damped in this way. The arm (R) allowed the beam to be levelled 
horizontally by means of riders. The arm opposite (S) was designed to hold the glass tube con- 
taining the substance under test, at (T); the extra support at (T) was for small riders when 
solutions of different densities were used, the total weight on the fibre being kept constant. The 
tube was suspended between the poles of the large magnet and torsional vibrations of the system 
were followed on a transparent scale two metres from the small mirror (M). The brass case and 
magnet mounting were earthed and no extraneous vibrations (as described by Gray and co- 
workers, 1936) were experienced. A typical determination is described. 

The tube was filled to a distance equal to the vertical depth of the pole-pieces and was 
adjusted so that the tube bottom was level with the lower edges; the filling was then level with 
the top edges of the pole pieces. The magnet was slowly rotated from the back of the case; as it 
approached, the tube was repelled until the torsional strain overcame the magnetic force. When 
the tube was between the poles no force acted but as the magnet receded, the tube was repelled 
in the opposite direction. The total maximum deflection was measured. One series consisted 
of measurements on (I) tube empty (IT) tube + water (III) tube + solvent (IV) tube + sol- 
vent + haemin. The tube was weighed each time and the actual weight filling the tube was used 
in caleulations. It should be noted that all results were not obtained using the same fibre. 
Each fibre was calibrated against water (saturated with air) and the value — 0°72 X10 was 
used as standard when calculating the mass susceptibility of substances, 
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X= (Xy- 8. dy.) + (W.d,) ca oe) eae 
where x = mass susceptibility of substance. 
Xyw = mass susceptibility of water. 
S = deflection for substance (corrected). 
W = deflection for water (corrected). 
d, = apparent density of substance. 
d,,, = density of water. 
The molecular susceptibility (Xmolar) Was obtained by multiplying by the molecular weight 
(652). Finally the magnetic moment was calculated from the equation: 


pu 8-86 Viens «OC tee 
where « = magnetic moment (in Bohr magnetons). 
T = absolute temperature. 

This experimental magnetic moment was corrected for the small diamagnetic contribution 
of the porphyrin nucleus (Xpass = — 0°46 X 10) which then allowed it to be compared with 
the theoretical values calculated from the possible numbers of unpaired electrons in the iron atom 
of haemin, 


TABLE 1. 


Haemin in Pyridine. 


The results of four determinations. The deflection figures given for haemin are the differences 
between the observed readings of the solutions and that for the solvent. 


Haemin Magnetic Magnetic 
Experiment Deflection Concentration Susceptibility .10° Temperature Moment 
No. (cm.). (mg. per c.c.). Mass. Molar. ¢°S.). (m). 
Water I — 33-12 — 0-720 ie 
IT — 36-19 — -— 
III — 30°85 — — 18° 
IV — 30°82 — — 18° 
Pyridine I — 27-82 = 0-606 da 
II — 30-06 rr 0-609 ze 
Ill — 95-57 =— 0-608 18° 
IV — 25-80 - 0-615 18° 
Haemin I 10-10 14-00 16-15 10480 hes 4°95 
II 11-61 15°43 15°46 10026 at 4-84 
III 10-67 16°15 15°87 10310 18° 4-92 
IV 8-59 13-00 15-99 10320 18° 4°93 


TABLE 2. 
Haemin in Aqueous Pyridine. 


The results of two determinations in 50 p.c. pyridine. The deflections recorded for haemin are 
obtained in the same manner as above. 


Haemin Magnetic Magnetic 
Experiment Deflection Concentration Susceptibility .10° Temperature Moment 
No. (em.). (mg. perc.c.). Mass. Molar. te 5 (4). 
Water I — 30-36 —- 0-720 — 18° — 
I — 30-47 _ — _ 18° = 
Aqueous 
Pyridine 50 p.c. I — 29-62 — — — 18° _ 
II -— 29-41 — — — 18° — 
Haemin I 3-12 11-90 6-68 4310 18° 3-18 


II 2-97 12-50 6-08 3920 18° 
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TABLE 3. 
Haemin in Alkaline Solutions. 


Observations for haemin in 0-1 normal and 0-2 normal sodium hydroxide; in 30 p.e. suero e 

— 0-2 normal sodium hydroxide solution (as used by Pauling and Coryell, 1936), and for haem n 

in 20 p.c. pyridine — 0-2 normal sodium hydroxide solution. The deflections quoted for wat: 

as in earlier tables, were used for the determination of the corresponding values of magnet ¢ 

susceptibilities of haemin. It will be noted that in IIIb and VIb measurements of the magnet .c 
moment have been made after reduction with sodium hydrosulphite. 





S 3 e 3 Bs Magnetic = zh = 
E $+ oa = Susceptibility ¢& se 
= & © $5 he . 10° Ba sg g 
a. ~ =a = te Sr3 we 2 
# oS oS 2s S& >. SS 2 
EZ, GO ax OS Mass Molar SY Fe A 
Water I 30-32 - 0-720 18° - 
IT 30°41 - — — 18° - 
III 30-55 — — 19° 
IV 30-87 - -- 18° - 
Vv — 30-87 —- — = 18° = 
VI — — 30-54 -— — 18° — 
Sodium I O-1N 3°88 12-78 7-67 4960 18° 3-41 
Hydroxide II O-1N 6-56 21-00 7°86 5080 18° 3°45 
IIIa 0-2N 3°71 10-80 8°56 5540 19° 3-62 
IIIb _ 6-43 — 14-50 9310 19° 4-69 Reduced 
Sucrose-Sodium IV 30 p.c. —0-2N 9°72 11-5 20°16 13110 18° 5-54 — 
Hydroxide y or “-‘N 10-09 11-4 21-09 13760 18° 5-68 — 
Pyridine- 
Sodium Via 20 p.e 0-ON 1:18 12-94 2-6] 1660 18° 1-97 _ 
Hydroxide VIb ~ P- sae 0-00 — 0-00 0 18° 0-00 Reduced 


DISCUSSION, 


The experimental results illustrate the great variation of the magnetic moment 
of haemin when present in different solvents. The haemin molecule possesses a 
central ferric atom which exhibits paramagnetism because of outer incomplete 
shells of electrons. If these shells are completed by sharing electrons with adjacent 
atoms the magnetic moment decreases and the substance becomes less paramag- 
netic; such a sharing of electrons forms covalent linkages to the central atom. 
This relation between the magnetic moment and the chemical structure of both 
simple and complex compounds of transition group compounds has been well in- 
vestigated in the solid state; but similar work on their solutions has not been done 
to any extent, although the results obtained show that the magnetic moment varies 
more than in the solid state. Whether these variations are solely due to departures 
from the Curie-Weiss law (Xm = Cy — (T-@) where Cy, and 6 are constants), has 
not yet been decided; the measurement of the magnetic susceptibility at several 
temperatures is necessary in order to check the validity of the above law. This 
series of experiments was done at a single temperature, but the variations of mag- 
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etic moment are much greater than those reported for other ferric compounds, 
nd on this account definite changes in chemical structure have been suggested. 
From quantum mechanical considerations Pauling (1931, 32) has derived the 
ossible arrangements of chemical bonds in complex compounds of the transition 
vroup elements. The ferric atom with which these experiments are concerned con- 
iains five unpaired electrons in an ionic state, three unpaired electrons in an inter- 
mediate state and one unpaired electron in a completely covalent state. The mag- 
netic moment associated with these numbers of unpaired electrons is shown in 
Table 4. The ionic or 4sp* bond type calculated for complete quenching of orbital 
moment gives a value of 5-91 for the remaining spin moment of the five unpaired 
electrons; the value of 3-88 for three unpaired electrons corresponds to four ¢o- 
planar bonds (dsp? type) arranged at right angles ; the value of 1-73 caused by one 
unpaired electron shows that the six covalent bonds (d?sp*) to the iron atom are 
arranged octahedrally. The notations sp*, dsp? and d?sp* represent the spectro- 
scopic system for denoting electronic orbits. 


TABLE 4. 


Theoretical Values of Magnetic Moment. 


Number of Magnetic 
Valency State. Unpaired Electrons. Moment. Bond Type. 

Ferrie Five 5°91 4sp3 (ionic) 

Three 3-88 4dsp2 

One 1-73 6d2sp3 (covalent) 
Ferrous Four 4-90 4sp3 

Two 2-83 4dsp2 

None 0-00 6d2sp3 


The magnetic moment (4-9) of haemin in purified pyridine approximates to 
that obtained by Pauling and Coryell (1936), who suggested that this value is too 
low on account of an observed decrease when the solution is allowed to stand. The 
author has found that such a decrease is too slow to affect the measurements. It is 
more probable that combination occurs between the pyridine and haemin, especially 
if traces of water gain access to the solution. If the experimental magnetic moment 
(1-97) is taken for pyridine parahaematin, then the value of haemin in pyridine 
corresponds to about thirty per cent. pyridine parahaematin in equilibrium with 
haemin (assuming the Curie-Weiss law to be valid). The actual amount of com- 
bination is probably less, but the result does seem to point in this direction. 

Haemin dissolves in 50 p.c. pyridine only with difficulty, but the mean result 
of 3-1 gives added proof that combination has occurred in the presence of water ; 
there is an equilibrium between pyridine parahaematin and haematin with about 
eighty per cent. of the former present. Visible spectroscopy confirms this con- 


clusion qualitatively, and the final evidence is found when haemin is dissolved in 
a solution containing 20 p.c. pyridine and 0-2 N, sodium hydroxide. Under these 
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Fig. 2. Representation of bond type in haemin derivatives. 


conditions complete formation of pyridine parahaematin is known to oceur and 
the magnetic moment (1-97) points to the presence of one unpaired electron 


from the iron atom; 
nucleus and two to the combined base pyridine, with the one unpaired electron 
contributing to the residual magnetic moment of 1-97. 
reduced with sodium hydrosulphite the magnetic moment becomes zero because of 
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Explanation of Fig. 2. 


Black dot represents one unpaired electron. 
Broken line represents one ionic bond. 
Continuous line represents one covalent bond. 


Six d?sp* bonds arranged octahedrally are probably formed 
four covalent bonds to the nitrogen atoms of the porphyrin 


When this compound is 
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the disappearance of this unpaired electron. The pyridine haemochromogen 
formed possesses covalent bonds, and this has been confirmed by other workers for 
several haemochromogens. 

The influence of other solvents will now be considered. Haemin dissolves 
readily in 0-1 N. sodium hydroxide to form haematin, and gives a magnetic moment 
of 3-4; in 0-2 N. solution the value is 3-6. These results are much lower than the 
theoretical value for five unpaired electrons (5-91) and is even lower than the 
three unpaired electron moment (3-88). Pauling and co-workers did not give any 
results with this simple solvent ; instead they used a solution containing 30 p.e. 
sucrose and 0-2 N. alkali. Their reason for using this solvent was to delay settling 
of the haemin, but, although this might be necessary in the presence of a reducing 
agent such as sodium hydrosulphite, it is not necessary with pure haemin which, 
as mentioned above, is readily soluble in 0-2 N. sodium hydroxide. The magnetic 
moment (5-6) is in agreement with Pauling and co-workers, and approximates to 
the theoretical value for five unpaired electrons, but it is difficult to understand the 
effect of sucrose in altering the moment from 3-6 to 5-6. Such a concentrated 
sucrose solution probably decreases the distribution of the polar water molecules 
adjacent to the ferric atom, and the haemin molecule would then behave magneti- 
eally as though it was in the solid state, that is, with five unpaired electrons de- 
noting the ionic type of bonding. The low value for haematin in 0-2 N. sodium 
hydroxide might be accounted for by assuming interaction between the solvent and 
haematin or by interaction between the various haematin molecules. Most ferric 
compounds have been found to possess either the 4sp* bond type or the 6d?sp* 
bond type, but it has been impossible to find an example of the intermediate 4dsp? 
type. Coryell, Stitt and Pauling in their work on methaemoglobin derivatives 
found that alkaline methaemoglobin possessed a moment of 4-5, and they were 
undecided whether to ascribe this value to the intermediate type of bonding. Ina 
similar way this work shows that alkaline haematin possesses a small moment, but 
it is difficult in this case to see how the bonding undergoes such a change in the 
absence of extra combining groups such as globin. If this is the bond type in the 
presence of excess hydroxy] ions then the bonds from the iron atom to the nitrogen 
atoms of the porphyrin nucleus are covalent, but the manner in which this affects 
the rest of the nucleus cannot yet be clearly anticipated. 


SUMMARY. 


The reasons for the variation of the magnetic moment of haemin in different 
solvents are discussed. The low magnetic moment in purified pyridine is probably 
due to a small amount of combination between the pyridine and haemin. Pyridine 
parahaematin gave a magnetic moment of 1-97 which corresponds to one unpaired 
electron, the six covalent bonds from the iron atom being arranged octahedrally. 
The effect of sucrose in increasing the moment from 3-6 to 5-6 when added to an 
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alkaline solution is of interest. The magnetic moment (3-6) of haematin in sodium 
hydroxide (0-2N) solution suggests the presence of intermediate (dsp?) type ot 
chemical linkages from the iron atom. 
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STUDIES IN THE EPIDEMIOLOGY OF Q FEVER 
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The testing of sera for agglutination with an emulsion of Rickettsia burneti 
(Burnet and Freeman, 1938; Derrick et al., 1939) has provided a useful means, 
not only of diagnosing human illness, but also of determining the incidence of in- 
fection in various human and animal populations. Agglutinins may be detected in 
human sera for some months (the individual duration varies considerably) after 
an obvious attack of Q fever; they may also be found in cases where infection has 
been inapparent. 


The method of preparing agglutinating emulsions has been modified since the original 
description of Burnet and Freeman (1938). The present technique is as follows: Heavily infected 
mouse spleens are finely ground with quartz powder and suspended in saline, 2 ¢.c. per spleen. 
This suspension is centrifuged for five minutes to remove quartz and cells. The supernatant 
fluid is removed to fresh tubes and spun in a small angle centrifuge for one hour. The clear 
supernatant fluid is discarded and the deposit re-emulsified in the original volume of saline. 
This emulsion is lightly acidified with one drop of 5 p.c. acetic acid per 5 ¢.c. and placed in a 
water bath at 45°C. The granular tissue-debris rapidly flocculates, leaving a lightly turbid 
fluid which is an almost pure rickettsial suspension. The floceulent precipitate is removed by 
light centrifugation, and the supernatant fluid neutralized and again centrifuged for one hour. 


The deposited rickettsiae are then suspended in saline to give the desired opacity, and merthiolate 
1: 20,000 added. 

Agglutination is carried out at 45°C. for four to five hours, and the tubes are then left 
overnight at room temperature before the final reading is taken. From experience in the diagnosis 
of human infections, we regard complete agglutination (+++), or strong partial agglutination 
(++), in a serum dilution of 1: 10 as definitely indicative of previous infection with R. burneti. 
Slight agglutination (graded as +) in this dilution has been found in cases of Q fever about the 
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seventh day and has then indicated an early stage in the development of agglutinins. Clearly als 


it might represent a stage in their disappearance. 
disregarded in this paper. 


Animal Sera. 


Most of the animal sera tested in these surveys were obtained from two loeali 
ties: the Nambour district and Cowan Cowan on Moreton Island. 
have come from other places as indicated in Table 1. 


vided most of the rural cases of Q fever. 


TABLE 1. 





At times, however, this slight grade o 
agglutination has appeared to be non-specific and, being of uncertain significance, it has beer 


Small series 
Nambour, 65 miles north ec! 
Brisbane, is in that stretch of country (from Maleny to Gympie) which has pro- 


Agglutination and Inoculation Tests of Various Animals. 


Locality. Animal Date. 
Cowan Cowan I. torosus 1937-1939 
R.c. youngi 1938-1939 
H. chrysogaster 1938-1939 
Nambour I. torosus 1937-1938 
district H. chrysogaster 1938-1939 
Opossum 1938-1939 
( Trichosurus vulpecula) 
Rat kangaroo 1938 
Rattus rattus 1938 
Cow 1938 
Tmbil I. torosus 1938 
T. vulpecula 1938 
Rattus assimilis 1938 
Rattus lutreolus 1938 
Cow 1938 
Brisbane I. torosus 1938 
and district T.vulpecula 1938-1939 
R. assimilis 1939 
Various Cattle 1937 


Reference has already been made to the finding of agglutinins for R. burneti 
in the sera of four bandicoots (Isoodon torosus) out of 44 examined (Derrick et al. 
1939). The series has been continued to a total of 180 bandicoot sera, of which 39 
were found to agglutinate. This evidence of a high incidence of Q fever among 
bandicoots confirms the important réle that this animal plays in the natural spread 


of the disease. 
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ences from those of positive human sera. The serum-titres only rarely reached 
1: 100, and did not show the very rapid agglutination at 1:10 which is common 
with high-titre experimental sera from rabbits and guinea-pigs. On one occasion 
a partial inhibition zone was noted with two bandicoot sera, but the phenomenon 
has not subsequently been encountered, and may have been due to some small tech- 
nical error. 

The bandicoots showing agglutination were of all sizes; there was no sex pre- 
dominance ; nor was there any obvious relation to the season of capture. 

As is shown in Table 1, the incidence of agglutination was much greater in 
handicoots captured at Cowan Cowan than in those captured on the mainland. 
This accords with previous work; all the infected ticks came from Cowan Cowan 
(Smith and Derrick, 1940), and two of the three actively infected bandicoots 
(Derrick and Smith, 1940). 

The fauna of Moreton Island is more limited in species than that of the main- 
land. The only mammals seen in our surveys were the bandicoot (J. torosus), a 
native rat (Rattus culmorum youngt), the water-rat (Hydromys chrysogaster ) 
anda phalanger. In addition there are bats, introduced pigs which have gone wild, 
a few domestic goats, but no cattle. 

The parasites on the island mammals were also few in species. Haemaphysalis 
humerosa, the only tick found, was numerous on the bandicoots, and was also found 
on R.c. youngi. Of mites, there were at least three species of Trombidiidae and two 
of Laelaptidae. The abundance of bandicoots and of H. humerosa has apparently 
provided an ideal environment for the free propagation of R. burnett. 

Among other bush animals tested, agglutinins were found in the sera of one 
R.c. youngi and two H. chrysogaster. All three came from Cowan Cowan. None 
of the animal sera from Imbil reacted although, as mentioned below, positive 
human sera were obtained from this locality. 

Many of the animals were tested also by inoculation of a liver-spleen-kidney 
emulsion into a guinea-pig. Apart from three bandicoots described in another 
paper (Derrick and Smith, 1940) no success was achieved. 

The most interesting of the cattle sera was a series of 24 collected from dairy 
cows on a farm at Cooloolabin near Nambour. The farmer had had Q fever 
himself six months previously. One of the 24 cow sera was completely positive 
(+++) at 1:10 dilution. Ten other cow sera from farms in the Nambour dis- 
trict were negative, as also were three cow sera from Imbil, and 68 cattle sera col- 
lected at random at the Brisbane Abattoir. 


Human Sera. 


The results of the examination of human sera are indicated briefly in Table 2. 
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TABLE 2. 


Human Sera Tested for Agglutination with R. burneti. 


=| 
PE 
Qe Number Positive 
se (++and+++ 
Group Surveyed. Locality. Date. AZ at Dilution of 1: 10. 
Abattoir Workers Brisbane Oct.—Nov., 1937 79 18 
Forestry Workers Imbil June, 1938 64 6 
Militia Cowan Cowan Apr.—Aug., 1938 186 0 
Aborigines Fantome Island, N.Q. May-Sep., 1938 99 0 
Fever patients Innisfail, N.Q. and Ingham, N.Q. 1938-1939 20 0 


Serial 


TABLE 3. 
Particulars of Abattoir Workers Agglutinating R. burneti. 


Duration of 
Work Agglutination 


Number. Occupation. at Abattoirs. 1:10 History of Fever. 
8 Beef slaughter floor, sticker 6 years a Ue None. 
10 Beef slaughter floor, removes tongues 4 years ++ Fever 3 years earlier. 
16 Beef slaughter floor, butcher 6 years +++ None. 
35 Beef slaughter floor, wheels fat 23 years aot Proved Q fever 
3 months earlier. 
39 Mutton slaughter floor, skinner 23 months Soil Proved Q fever 
17 months earlier. 
52 Mutton slaughter floor, butcher 6 years +++ Severe febrile illness 
18 months earlier. 
53 Mutton slaughter floor, hanger off 6 years +4 Fever 5 months earlier. 
67 Mutton slaughter floor, boy 3 years +++ None. 
68 Mutton slaughter floor, boy 18 months +++ None. 
47 ‘Pig slaughter floor, grader 6 years +44 Short fever 4 months 
earlier. 
80 Tank and bone house 6 months +++ Fever 3 months earlier. 
84 Tank and bone house 2 years t+ None. 
85 Tank and bone house 4 months op + None. 
26 ~=6 Beef’ casings 5 years hoe Fever 3 years earlier. 
54 ~=Beef casings 2 years ++ Proved Q fever 
17 montis earlier: 
44 Freeze 6 months +++ Fever 3 months earlier. 
90 Meat inspector 4 years ++ Proved Q fever 
5 months earlier. 
96 Meat inspector 12 months +++ Fever, probably Q, 


113 months earlier. 


Abattoir Workers. 


The first survey was made at the Brisbane Abattoir because nearly all the 


Brisbane cases of Q fever had come from there. Of the sera of 79 volunteers, 18 
showed agglutination (Table 3). Four of these workers were known to have had 
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Q fever; eight had had a previous febrile illness, not investigated at the time, 
which may have been Q fever ; six were not aware of having had any fever. Thus 
infection with R. burneti may take, in human beings as in guinea-pigs, a symptom- 
less or inapparent course. 
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Fig. 1. Sketch maps of Queensland and of the south-east corner of Queensland to show 
the places mentioned. 


No conclusion as to the general incidence of Q infection among workers at the 
abattoir can be drawn from these figures, as the men tested were few compared 
with the total employees (about 1,000) and as they were to some extent selected, 
for those who had recently been ill were keen to volunteer for examination. 

The survey demonstrates that infection is not confined to any one section of 
the abattoir—a fact already evident from the clinical cases. 


Forestry Workers. 


Most Q fever patients have had contact with cattle and pigs. It seems likely 
that cattle (or perhaps pigs) in some way convey the infection to dairy or abattoir 
workers from the bush, particularly from serub (rain-forest) areas. Might then 
workers in the scrub get Q fever without intermediate cattle contact? (Three of 
36 rural cases of Q fever have been in timber workers. ) 
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It was decided to investigate a series of forestry workers employed in t: 
Imbil serubs in the Mary Valley, where there are large State forests planted «1 
land previously covered by rain-forest. Much of the original scrub has been le | 
as firebreaks between the plantations. Through the courtesy of the Forestry Do- 
partment, sera were obtained from most of their Imbil employees. Of 64 se. , 
tested, six showed the presence of agglutinins for R. burnett. Particulars are give. 
in Table 4. Two of the six men gave no history of fever, confirming the existence 
of human Q infection in an inapparent form. 

Serub work in the Imbil district, therefore, carries a definite risk of Q infe-- 
tion. A few cattle were noticed grazing on roads in the serub and on adjaceut 
grassy areas, so that contact of the forestry workers with cattle cannot be excluded. 


TABLE 4. 
Particulars of Forestry Workers Agglutinating R. burneti. 


Duration 


Serial Durationof of Work in Agglutination 
Number. Bush Work. Imbil Scrubs. 1: 10 1:30 1: 100 History of Fever. 

M2 = ‘‘Allhis life’’ 4 years we -- ‘“TInfluenza’’ every 2 or 
years with sore throat and 
bronchitis. 

M12 6 years 2 years ++ = None. 

M18 8 years 34 years ae 5 oi oe None. 

M40 18 years 18 years ae - 3 or 4 attacks of ‘‘ coastal 


fever’’ in previous 6 or 7 
years; last attack 2-3 
years ago. 

M43 4 years 2 years +++ + Fever of a week’s duration 
resembling Q fever 17 
months earlier. 


M49 10 years 34 years ee pot **Coastal fever’’ 5 years 
earlier. 2 weeks in hospi 
tal. 


Militia at Cowan Cowan. 


In April, 1939, 285 militia went into training at Cowan Cowan for eleven 
days. In view of the presence there of ticks infected with Q fever, the invasion of 
the trainees provided a valuable human experiment. The camp was situated in a 
cleared area on the foreshore, backed by a swamp inhabited by water-rats, and 
fringed by dry scrub in which bandicoots abounded. As H. humerosa is a three- 
host tick, this serub must have been infested with ticks awaiting fresh hosts. One 
unit, of which 32 men were tested, went into the serub from time to time; the other 
units trained in the cleared area where bandicoots would only pay occasional noe- 
turnal visits. 

The trainees made no complaint of tick bite during the camp, nor was there 
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any Q fever among them throughout the observation period of three months there- 
after. Several men, who had mild febrile illnesses, were carefully investigated 
and Q fever eliminated as the cause of their sickness. 

Through the courtesy of the military authorities, we obtained samples of 
blood from 180 of the trainees, as well as from six of the permanent forces located 
periodically at Cowan Cowan. The sera were taken from seven to 13 weeks after 
the conclusion of the camp. Not one showed agglutination with R. burneti. 

This result suggests that H. humerosa does not readily attack man—at least 
where its natural host is available 





and consequently is not likely to be a common 
cause of direct human infection. 


North Queensland Sera. 


A hint that Q fever may be present in North Queensland was given by the 
following case. On 10th December, 1937, a meat inspector left the Brisbane Abat- 
toir for Cairns, where he inspected at a slaughter yard till 15th February, 1938, 
returning next day for Brisbane. He resumed work in Brisbane on 21st February, 
and became ill with Q fever on 23rd February. It seems likely that he was in- 
fected at Cairns; but, as an incubation period of 38 days is known, one of 75 days 
is conceivable, so that he may have been infected in Brisbane before his visit to the 
North. 

Enquiries among practising physicians at Townsville and Cairns have not so 
far disclosed cases clinically suggesting Q fever among the meat-workers in those 
cities. 

In an attempt to confirm the presence of Q fever in North Queensland, two 
series of human sera which were available were tested. 

At Fantome Island, about 40 miles north of Townsville, aborigines with fram- 
boesia or syphilis are segregated, and their sera are regularly sent to Brisbane for 
the Wassermann test. A report was received that these aborigines weve liable to 
short attacks of fever. Accordingly the sera of 99 of them were tested for agglu- 
tination, but without result. 

The 20 Innisfail and Ingham sera were part of a number sent from febrile 
patients for routine diagnosis. None agglutinated R. burneti. Six of the cases 
were finally diagnosed as leptospirosis, and two as typhoid. 


SUMMARY. 


Surveys of human and animal sera have been made for the presence of agglu- 
tinins for R. burnett. 

Of 180 bandicoot sera, 39 contained agglutinins, indicating the important réle 
played by the bandicoot in the epidemiology of Q fever. 

The incidence of infection among bandicoots captured at Cowan Cowan on 
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Moreton Island was much higher than among those captured on the mainland— 
fact correlated with their high infestation with H. hwmerosa. 

Two water-rats and a Rattus c. youngi at Cowan Cowan showed agglutination 
also a cow belonging to a farmer near Nambour who himself had recently had ‘ 
fever. 

Surveys of abattoir workers at Brisbane and of forestry workers at Imb 
showed the occurrence of infection with R. burnett among them, and demonstrate 
that human infection may be inapparent. 

The failure to find agglutinins in the blood of 186 militia men who had campe: 
at Cowan Cowan suggests that H. humerosa does not readily attack man, and con- 
sequently is not likely to be a common cause of direct human infection. 
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The aetiology of the demyelinating maladies of man and animals is still a 
matter for speculation. The only experiments in which demyelination appears to 
have been brought about consistently are those of Ferraro (1933 a and b), and the 
similar more recent studies of several Italian authors*. In these experiments, 
lesions bearing some resemblance to those in diffuse sclerosis (Schilder’s encepha- 
litis) followed repeated parenteral administration of potassium cyanide. Now 
this drug has a biological action relatively easy to study under laboratory condi- 
tions ; it seemed, therefore, that discovery of the exact mechanism of demyelination 
in poisoning by cyanide might furnish clues to the aetiology of the human diseases. 
The present paper describes (i) the conditions under which potassium cyanide 
may produce lesions in the nervous system of monkeys, and (ii) the pathological 
features of these lesions and their points of similarity to those in certain human 
and animal diseases. 

Investigations on the enzymatic activities of cells poisoned with cyanide form 
a parallel line of study by Mr. R. A. Wyndham, of this Institute; his results will 
be published later. 


DESCRIPTION OF EXPERIMENTS. 


A 0-2 p.e. solution of KCN in sterile distilled water was prepared freshly each 
day. It was administered early in the morning to fasting monkeys (M. mulatta). 
Injected intramuscularly, the M.L.D. appeared to be fairly constant. Of six 
animals given 5 mg. per kilo, four recovered after periods of unconsciousness of 


1 Working with an expenses grant from the National Health and Medical Research 
Council. 


2 None of the journals in which these works are published are available in Australia. In 
some instances photostatic copies have been obtained through the courtesy of the Librarian 
of the Royal Society of Medicine, London; in a few abstracts only have been consulted, 
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70, 100, 115 and 130 mins. respectively, one was moribund after 30 hours, and on 
died after eight days (M. 810—see later). Three animals received 5-5 mg. pe: 
kilo ; one died in 30 mins., one in 90 mins., and one after eight days. Two animal 
receiving 6 mg. per kilo. and one 7 mg. died within an hour. 

The following groups of monkeys (on an adequate diet) were given repeate: 
intramuscular injections of KCN on six (or seven) days weekly. 

A preliminary experiment followed the lines of those of Ferraro. In fom 
monkeys of 2500-2000 gm. an initial dose of 3 mg. (per animal) was increased 
cautiously every seven to ten days, until after 72 days it had risen to 10 mg. At 
this point M.786 (381 mg. in 72 days) died; histologically the central nervous 
system showed no abnormality. Thereafter the dosage was increased more steeply, 
and owing to the severity of the symptoms became more irregular ; the maximum 
doses were 18 mg. M.787 (447 mg. in 78 days) died soon after a dose of 18 mg. 
histologically the central nervous system showed no abnormality. M.788 (632 mg. 
in 96 days) died during the night following a dose of 17 mg. M.789 (447 mg. in 
83 days), following a dose of 18 mg., remained in a comatose condition for five 
days, after which it was killed. Both M.788 and 789 showed very marked lesions 
of the type to be described. 

Second Experiment. Twenty-four monkeys weighing between 2500 and 5000 
gm. were placed on doses of KCN rising much more steeply than in the preceding 
experiment. When the average duration of unconsciousness following each injec- 
tion reached about an hour (usual limits 50 to 71 minutes), the dose was tempo- 
rarily kept constant and the following facts were established : 


1. With a constant daily amount, death might follow a particular injection 
tolerated previously as often as thirteen times. 

a. No indication of impending catastrophe was evident from appreciable in- 
erease in the duration of unconsciousness. Such catastrophe might occur 
immediately after-a week-end, when any cumulative action of the cyanide 
(either direct or indirect) might be expected to be lessened. Sometimes 
death oceurred suddenly during a convulsion in an animal previously 
suffering only mild symptoms. 

b. The period of unconsciousness might gradually or rapidly increase in the 
day or two before death, so that finally the dose proved fatal ; since cyanide 
is destroyed rapidly in the body this observation suggests a cumulative 
effect of its action rather than an accumulation in the tissues of the drug 
itself (Fig. 1). 

2. In either set of conditions outlined in la and 1b death might occur either 
within an hour or so of the dose, or the animal might pass into the condition de- 
seribed below in which it showed various motor disturbanees or blindness, or re- 
mained for days in a comatose or semi-comatose state, and was killed or died later 
in a condition of inanition. 
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3. If when catastrophies began to occur, the daily amounts of KCN were de- 
reased by 20 p.c. and held constant at the new level, the period of unconsciousness 
might : 
a. shorten after the first or subsequent doses ; 
b. remain more or less constant ; 
ec. after a period of temporary improvement might again lengthen consider- 
ably. In this case unless the dose were still further decreased death oc- 
curred; with further decrease the animal might enter categories 3a or b. 
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Fig. 1. Periods of unconsciousness in two monkeys on constant daily doses of KCN. 
M.816 received 5 mg. per kilo. daily; it developed severe nervous symptoms on 23rd day and 
was killed four days later. During the period shown, M.813 received 5-5 mg. per kilo. having 
risen from daily doses of 3 mg. per kilo.; the history following the last dose of KCN is related 
in the text. 





4. In the event of 3a or b further increase of dosage might a week or two later 
be carried well beyond the previous almost lethal dose, or death might oceur when 
the previous almost lethal dose was reached. With careful recession and advance, 
some animals might tolerate doses as much as 40 p.c. above those previously causing 
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ominous symptoms. When death occurred it might again be within an hour or 
or only after several days. 

5. A few animals were very erratic in the duration of unconsciousness, whi 
did not respond very closely to increase or decrease of dose, and varied great 
even when this was stationary. 


It seems, therefore, that with repeated doses near a certain critical level, whi: 
differs somewhat in different animals, two opposing factors are at work: (a) 
cumulative effort of the action of the cyanide but not of the drug itself, and (b) 1 
gradually increasing, imperfect, and slowly-developed tolerance to the poison. The 
interaction of these two factors accounts for the symptoms in many eases, but suc- 
den deaths are likely to follow doses not previously causing severe symptoms, an<| 
even doses well below the level of those under discussion at the moment. It shoul 
be stressed that the period of unconsciousness is a very rough indicator of the effect 
of the cyanide, and on some days was apt to increase or decrease without apparent 
reason ; however, no other ready method of gauging the effect of the poison sugges 
ted itself. The period of unconsciousness was assumed to be ended when the mon- 
key, though perhaps still recumbent in its cage, made an effort to rise or showed 
resentment on being disturbed by the observer. 

Third Experiment. Five more monkeys were given doses of KCN accurately 
adjusted from time to time to the body weight which was recorded weekly. No fresh 
observations were made. 

Note on the Symptomatology. The immediate symptoms of cyanide poisoning 
are too well-known to need deseription (see Ferraro), though an interesting con- 
ditioned reflex appearing after several weeks in animals given repeated doses is 
worthy of mention. Each time when caught or when watching another animal 
caught, but without having seen the cyanide or syringe in another room, the ani- 
mals began to salivate profusely, and continued to do so until the dose was adminis- 
tered, when of course salivation preceded vomiting as a symptom of poisoning. 
This reflex persisted for many weeks after injections were discontinued. 

In most instances in which death occurred after single or repeated doses, it 
did so within 20-90 minutes and without recovery from the state of unconscious- 
ness. If recovery occurred it was complete. A proportion of monkeys, however, 
developed nervous symptoms which, without further administration of cyanide, 
gradually increased in severity and terminated in death in from four to eight days. 
Still others recovered partially or apparently completely, only to develop symp- 
toms anew; these ‘‘relapses’’ occurred within three to five days of the injection, 
and led to death in a further three to five days. The following are characteristic 
protocols. 

M.810 (2800 gm.) received 17/7/39 a single dose of KCN equivalent to 5 mg. per kilo. 
body weight. Three hours later after return of consciousness it showed marked flaccid paresis 


of the legs. Next day this was less apparent, but the animal now had so pronounced a cere- 


bellar ataxia that movement from the floor of the cage was impossible. On the next day 
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ataxia was much less severe. On 20/7/39 the monkey was worse, with marked general weak- 
ress, and by 22/7/39 the general musculature was so stiff that the arms and legs could not be 
cxtended, and movement was almost impossible. The animal ate readily when fed by hand, 
and was mentally alert, answering the calls of his mates. In spite of careful feeding, by 
“5/7/39 it was very emaciated and died early in the day. 

M.817 (3400 gm.) received 20/7/39 a single dose of KCN equivalent to 5-5 mg. per kilo. 
Half-an-hour later breathing almost ceased, and sodium nitrite followed by sodium thiosul 
phate in doses proportionate to those recommended for man (Edmunds and Gunn, 1936) was 
injected intravenously. Rapid improvement resulted, and the monkey regained consciousness 
half-an-hour later; it was then completely blind. By next morning and on succeeding days 
it was apparently quite normal. On 25/7/39 it was found unable to sit up because of weak- 
ness combined with very marked muscular rigidity. Weakness was more marked in the mus- 
culature of the trunk and of the proximal parts of the limbs than in the hands or feet. Blind- 
ness had recurred. By 28/7/39 the animal was stuporose, very cold, and breathing only once 
every ten seconds. It died during the day. 

As stated, similar symptoms might also follow any given dose of a series. The 
conditioned reflex mentioned above persisted as long as the animals were suffi- 
ciently well to resent handling, which sometimes continued to be the case to within 
24 hours of death. The animals usually died in spite of careful nursing, injections 
of glucose-saline, and so on. 

One animal (M.803), however, gradually recovered, though for many weeks 
it reacted by jerky, sudden and exaggerated movements to the approach of an 
observer. A second (M.813), after recovering from a cerebellar ataxia, remained 
in a rigid state incapable of useful movement for 13 days. During this time no 
further deterioration took place in the animal’s condition ; it was killed on account 
of the difficulty in feeding it. 

These symptoms were probably not the result of asphyxia, in the ordinary 
sense, during the period of unconsciousness due to the cyanide, for many animals 
unconscious and breathing very infrequently for much longer periods than these 
made a complete recovery. 


PATHOLOGICAL EXAMINATION, 


Macroscopic Changes. The brains of many monkeys showed no definite naked- 
eye changes, but often lesions were readily discernible. Affected white matter was 
softer and more grey than normal, and usually was separated from the cortex by a 
broader or narrower strip of normal white matter. The changes were bilateral and 
roughly symmetrical in the cerebral hemispheres, closely resembling in distribu- 
tion those in Schilder’s disease in man. The detailed distribution of lesions is de- 
scribed sufficiently in the section on histopathology. 

In one ease (M. 805) marked bilateral lesions existed in the motor and pre- 
motor cortex. Several areas up to 1 em. in diameter, and extending in many places 
through the whole thickness of the cortex, showed intense congestion and promi- 
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nent vertical streaking with dilated vessels. The areas were raised slightly abov: 
the general level of the surrounding cortex and were separated from a curious! 
**opaque’’ centrum by a fine brownish line. Two other monkeys showed bilater 

cortical lesions. Softenings were visible in the basal nuclei of many animals; th: 

were always bilateral, though not exactly symmetrical or of equal severity on tl 

two sides, 


Microscopical Examination. 


The central nervous system was examined histologically in 25 monkeys give 
repeated doses of KCN. Of these 18 showed lesions in the white matter, whil 
except for the presence of fat-containing granular corpuscles and perhaps a few 
lymphocytes in occasional perivascular spaces, seven did not. In 13 monkey 
lesions were present in some part of the grey matter; in 11 cases these were asso 
ciated with lesions in the white matter, while in two they were the only significant 
lesions present. Usually lesions in the grey matter were much less extensive than 
those in the white matter. Experimental details in relation to the general inci- 
dence of lesions appear in Table 1. 


TABLE 1. 


Lesions in the Brains of Monkeys given Repeated Doses of KCN. 
] g Pp 


Lesions in white matter. Lesions in grey matter. 
Approx. Total Time Survived Partial 
wt.in. KCN in after Over- demy- Partial 
Monkey. kilos. in mg. days. last dose. cellularity. elination. Necrosis. damage. Necrosis. 
802 3-5 146 17 < 2 hrs. 0 0 0 0 0 
811 4-0 252 17 < 2 hrs. 0 0 0 0 0 
808 2-5 153 23 < 2 hrs. + + 0 0 
790 3°5 246 24 < 2 hrs. 0 0 0 0 0 
816 4-5 368 26 4 days = 0 0 0 0 
809 2°5 153 28 5 days +t ++ -+ 0 + 
796 4-0 306 29 < 2 hrs. os 0 0 0 0 
794 4-0 306 29 18 hrs. + os + 0 0 
791 3-0 326 30. < 2hrs. 0 0 0 + 0 
804 3°5 366 34 < 2 hrs. = 0 = + 0 
797 4-0 406 38 «=< 2hrs. + = 0 + ae 
799 4-0 406 38 < 2hrs. x 0 + 0 + 
792 4-0 406 43 5 days + aa > + 
793 4-0 684 59 < 2 hrs. = 0 + 4. + 
800 4-0 704 59 < 2 hrs. 0 0 0 + 0 
795 3°5 779 64 < 2 hrs. 4- + 0 0 0 
805 3-5 704 65 6 days + — oo 0 ++ 
786, 2°5 381 72 < 2 hrs. 0 0 0 0 0 
787 3-0 447 78 < 2 hrs. 0 0 0 0 0 
798 5-0 1053 79 < 2 hrs. + 0 0 0 0 
806 4-0 1053 79 < 2 hrs. + ~ 0 + 0 
813 3-0 743 80 13 days 0 + 0 
789 2-5 447 83 5 days +++ +++ 0 + 
788 2-5 632 98 18 hrs. ++ +4 0 - 
801 4-0 1560 103 < 2 hrs. + 0 0 0 0 
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Lesions in the White Matter. 


The earliest macroscopic ‘‘demyelination’’ occurred in M.808 and M.809 
vhich received 18 doses of KCN in 23 days; the latter died five days after the last 
lose. Although appearances in different animals were at first sight rather dis- 
similar, a study of the whole series showed that they represented different stages 
of two kinds of lesion, which often co-existed in the same case. In what follows 
they are described somewhat schematically. 

The first type of lesion was not very sharply demarcated from its surroundings 
and produced several appearances according to its severity and apparent duration. 





Fig. 2. Areas of demyelination (left) and scars resulting from previous necrosis of white 
matter (right) in the brain of M.792. Weil’s stain. 


(a) An excess of cells might be present in the white matter, disorganizing the normal 
more or Jess orderly arrangement; in Table 1 this condition is designated ‘‘overcellularity’’. 
Of the oligodendroglial nuclei some were pyknotic and shrunken and often lay in clear spaces; 
their processes did not stain in silver preparations. Sometimes an apparent increase occurred 
in rows or in small groups around a vessel. Most of the increased cellularity was due, how- 
ever, to an excess of microglial cells with very polymorphic nuclei. Not infrequently, small 
nodules composed of these cells stained in silver preparations as a dark tangle of processes 
not unlike what I have pictured in rabies (Hurst and Pawan, 1932, Plate 37¢ and d); usually, 
but not always, the foci were smaller than is common in virus diseases. Occasionally one or 
more oligodendroglial cells were incorporated in the foci, but whether fortuitously or not 
was not clear. The neuroglia was normal or somewhat enlarged, and the vessels were seldom 
affected. No certain abnormality of the myelin sheaths was detected in sections stained with 
haematoxylin and scharlach or by Weil’s method, but Marchi preparations usually showed an 
increased number of globules reducing osmie acid. 
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(b) Areas of more pronounced cellularity with numerous varicose and ballooned, but stii 
anisotropic, myelin sheaths which gave the tissue a vacuolated appearance; in many instance 
Weil preparations presented areas of macroscopic pallor. These are the changes listed a 
partial demyelination in Table 1. In animals such as M.795 and M.798 in which after pro 
longed administration of cyanide no considerable gross demyelination was evident, and i: 





Fig. 3. Areas of partial demyelination of the centrum semi-ovale (left) and of necrosis 
of the optic tract (right) in the brain of M.808. This animal died almost immediately after 
a dose of KCN, so that the lesions must have resulted from earlier doses. Weil’s stain. 


other animals outside the obviously demyelinated areas, much damage to isolated sheaths 
occurred at one or other of the usual sites (see below) without being recognizable by the 
naked eye. At their edges these areas tended to pass imperceptibly into zones of simple 
‘*overcellularity’’. The axis-eylinders usually degenerated and disappeared pari passu with 
the myelin, but sometimes a considerable number might persist in almost completely demye- 
linated zones. Microglial cells were more numerous and in some cases contained fine fatty 
granules. More oligodendroglial cells had degenerated and the neuroglial cells might be 
enlarged. Granular corpuscles, with or without lymphocytes, sometimes occupied the peri- 
vascular sheaths. In hearly half the cases polymorphonuclear leucocytes, few or many, oe- 
curred in the perivascular spaces, and Jay singly or grouped around the smaller vessels in the 
nervous tissues. Often the capillary endothelium and adventitial cells of the larger vessels 
were swollen and actively proliferating. Stains for mucin yielded negative results in these 
and all other lesions. Similar appearances were sometimes encountered at the edges of the 
second type of lesion sectioned tangentially, but serial sections proved that the present change 


occurred also as an independent entity. (See Figs. 2 and 3.) 
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The second type of lesion, referred to in Table 1 as necrosis, was a more or 
ss extensive destruction of tissue en masse. It was sharply demarcated from its 
urroundings, and in different, and sometimes in the same, animals areas of vary- 
ng ages were present. (See Figs. 2-6.) 

Centrally in an early lesion, many or all of the nuclei were either pyknotic and fading, 

r absent, and the background was more acidophilic than normal. Occasionally even the 
essels were necrotic, but usually manifested early proliferative activity, though often this 
was far less marked than in those at the periphery; sometimes, though apparently possessed 
if living endothelium, the central vessels remained inert. By metallic impregnation methods, 
at most only traces of the processes of the various kinds of glial cells could be ceen, but usually 
more axons were impregnated than in the immediately adjacent zone of living white matter. 
The myelin sheaths, or a considerable proportion of them, were often normal in form but 
stained very feebly by Weil’s method; sometimes a few were reduced to granular forms stain- 
ing more deeply, or were varicose and ballooned. With haematoxylin and scharlach their 
colour was much nearer the normal. In polarized light all anisotropy was lost. Usually little 
or no reduction of osmic acid occurred at this stage. 

The most recent examples of such areas still showed some nuclear staining although the 
cells were obviously seriously damaged. When as in M.808 death had followed within an 
hour or so the last dose of cyanide, the areas could not have resulted from this, though the 
ubsence of any marked reaction at the edge suggested that they had not preceded death by 
more than a day or so. On the other hand, in cases where death had occurred several days 
after the last dose, and where (unless the lesions were due to some factor operating after the 
last administration of KCN) the minimum age could be deduced, the fading of nuclear and 
other dead structures was often slower than in necroses due to trauma or vascular occlusion. 
As control material I examined (a) the lesions produced by freezing the brain with carbon- 
dioxide snow, and (b) brains in which experimental embolism had followed the injection of 
finely-particulate vegetable charcoal into the internal carotid artery. These are dealt with 
later. 

In most cases reaction at the periphery indicated a duration for the lesion of several days. 
In the living tissues at the margin the myelin sheaths were ballooned and fragmented giving 
the tissue a vacuolated appearance. Marchi-staining here was ordinarily much more intense 
than in the area itself, and fat-containing granular corpuscles first made their appearance 
here. The axons showed varicosities and end-bulbs. The processes of many astrocytes were 
fragmented; later, enlargement of the cell-body occurred. Adjacent oligodendroglial cells 
were often pyknotic and shrunken; a little further away they appeared normal, and still 
further away they were multiplying to form small knots of from three to seven cells. The 
development of the microglia was in keeping with the apparent age of the lesion. Very 
pronounced swelling and proliferation of the adventitial cells of arteries and veins and of 
the capillary endothelium rendered these structures conspicuous, and in some cases a propor- 
tion of the phagocytes appeared to come from the vessels. Perivascular cuffing and leucocytic 
infiltration of the tissues occurred as in lesions of the first type. 

In older areas of this type, the zone of reaction encroached progressively upon the central 
area, in which the faint staining of myelin sheaths by Weil’s method, and their deeper stain- 
ing with haematoxylin and scharlach, persisted apparently until organization took place. In 
other words the immediate considerable alteration in the staining and optical properties of 
the myelin, and the lesser alteration in form, were succeeded by full demyelination only from 
the periphery and through the agency of phagocytes. In the same way, although fragmenta- 
tion of the axis-cylinders took place, segments of axons still impregnated with silver and 
showed few or no varicosities during the same period. 
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In less extensive areas in some monkeys, the central pale area had been replaced co: 
pletely by a mass of fat-containing phagocytes and thickened vessels; the walls of the latt 
showed less cellular activity and more collagenous fibrils than previously. All traces of my 
lin sheaths and axons were wanting, and material reducing osmic acid was wholly intr 
cellular. The edges of the area were usually quite sharp, but sometimes less so due to a 
extension of the area by a diffuse process of the first type. In the surroundings enlarged gli 
cells were moderately abundant. 


TABLE 2. 


Distribution of Macroscopic Lesions in the White Matter of Monkeys given 
Repeated Doses of KCN. 


808 809 794 804 797 799 792 793 795 805 806 813 789 788 
Occipital Seer + ££ tS 8 Boe Se es +44 
Temporal = ++ <= 0 . 2s 0 oS & @ & ++ + 
Parietal 0 + 0 0 0 0 0 0 0 + 0 + + + 
Frontal oO + 0 0 0 0 0 0 0 0 0 0 + + 
Corpus callosum O+4+4+2> 0 + 0 4 0 0 4+ 0 ++4+++4+ 4 
Optic Tracts ~ 2 =. © "ee ee 4 ¢ + @ + 
Anterior Commissure (0 +++ 0 0 0 0 0 0 0 0 0 0+4++ + 


Although it seemed that these lesions commonly arose suddenly and as a whole 
in previously normal white matter, sometimes a few ballooned sheaths and Marchi- 
staining globules suggested an origin in a region already affected by type I change. 

Distribution of Lesions. Table 2 shows the distribution of the changes visible 
to the naked eye or with a hand-lens; they were always bilateral and roughly sym- 
metrical. ‘‘Overcellularity’’ when present was similarly distributed but more 
widespread than the more severe change. Apparently with one exception (M.793), 
the most extensive lesions occurred in the white matter of the occipital lobes at 
some little distance anterior to the occipital pole (Fig. 6). The temporal white 
matter was more frequently and more severely affected than the parietal, and this 
than the frontal. The optic tracts, corpus callosum and anterior commissure were 
frequent sites of demyelination, though all were not necessarily involved in a given 
ease (Figs 3 and 5). In the most severely affected animals (M.809 and M.789), 
practically the whole of the occipital white matter and much of that elsewhere in 
the cerebrum was affected. No especial tendency was apparent to localization of 
the lesions around the ventricles ; indeed, the periventricular zones usually escaped. 
The internal capsules also escaped severe damage. 

Generally speaking, when fairly circumscribed the lesions tended to lie more or 
less centrally in the tongues of white matter extending into the gyri from the cen- 
trum semi-ovale, to be elongated in their long axes, and to occur peripherally rather 
than nearer the centre of the hemisphere (Figs. 2-5). Even in the most severely 
affected brains, except at rare and isolated points, a strip of more or less normal 
white matter separated the demyelinated areas from the cerebral cortex, as is com- 


monly the case in Schilder’s disease in man and in the monkey. In only two ani- 
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nals (M.805 and M.792) was invasion of the cortex from the white matter at all 
‘requent (Fig. 4). In the corpus callosum, anterior commissure and optic tracts 
he lesions always affected the central fibres ; in the first they usually involved both 
zenu and splenium, in the second they tended to stretch the whole length of the 


structure, while in the optic tracts they were more often focal (Figs. 3 and 5). 





Fig. 4. Areas of demyelination and necrosis in the brain of M.805. On the left the area 
invades the cortex, an unusual feature. Weil’s stain. 


The most remarkable and unexpected observation was the following. Al- 
though in different animals the necrotic lesions were at various stages of organiza- 
tion and had obviously arisen at a number of different times relative to death dur- 
ing the experimental period, and although in a few animals lesions of different ages 
were present in the same brain, in the majority of cases the lesions, however exten- 
sive, in a single brain were all of the same approximate age. Thus in M.809 the 
widespread necrosis which covered a large part of the white matter of both hemi- 
spheres, and which had roughly the distribution of the lesions of Schilder’s disease 
in man, was nowhere accompanied by more than the earliest reaction ; it was clear 
that it had arisen suddenly and simultaneously throughout the cerebrum at a time 
apparently preceding death by at most one to two days. In the ease of the areas of 
partial demyelination in this and other monkeys, it was not by any means certain 
that the lesions were all of one age, though when vascular reaction was apparent it 
was almost always of the same degree as that at the periphery of necrotic patches 
in the same brain. Unexpected though this observation be, at first sight it tallies 
to some extent with the symptomatology ; it has been seen that often in the course 
of an experiment an animal may suddenly die, or may suffer much more protracted 
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Fig. 5. Necrosis of the white matter of the cerebral hemisphere, of the corpus callosum 
and anterior commissure, and of the caudate and lenticular nuclei in the brain of M.789. 
Weil’s stain. 





Pig. 6. Necrosis of much of the white matter of the oecipital lobe in the brain of M.788 
dying within 18 hours of the last dose of KCN. Weil’s stain. 


unconsciousness after a dose of cyanide previously tolerated well on many ocea- 
sions. It seems that after repeated administration of a certain critical dose of the 
poison, a fairly abrupt change in the reactivity of the animal takes place. Yet it 
must be stressed that in only a proportion of cases were marked cerebral lesions the 
morphological counterpart or result of this change, and that the presence or ab- 
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sence of these lesions could not be correlated exactly with the period of survival 
following the fatal dose. 


Lesions in the Grey Matter. 


The first case to show lesions in the grey matter was M.809, which received 18 
doses of KCN in 23 days and thereafter survived with severe nervous signs for a 
further five days. Again in the cerebrum, two kinds of lesion obtained, and are 
referred to in Table 1 as partial damage and necrosis respectively. 
The first type, covering areas varying from less than 1 mm. to 1 em. or more 
in longest diameter, were more or less sharply defined or were diffuse over a region 
of considerable extent. 





Fig. 7. Old areas of necrosis in the lenticular nucleus and optic tract in the brain of 
M.799 dying soon after a dose of KCN. The dark margin due to the zone of reaction indicates 
the duration of the lesion. Haematoxylin and van Gieson. 


Only partial damage to even the most delicate structures had occurred, and apparently 
normal nerve-cells were included in areas in which many had been destroyed. Changes in 
the oligodendroglia, microglia, neuroglia and walls of the vessels were in general similar to 
those in the corresponding areas in the white matter. Loss of myelin was usually slight or 
moderate; although many sheaths were varicose and ballooned, a proportion was often nor- 
mal. In one case, however, in an exactly similar lesion with many well-preserved nerve-cells, 
myelin sheaths were interrupted abruptly at the periphery and the area was wholly devoid of 
myelin. As in the white matter, perivascular and tissue infiltration with lymphocytes or 
polymorphonuclear leucocytes occurred frequently. 


The second type of lesion, comparable in size with the foregoing, showed a 
central zone necrotic even to the vessels with resulting haemorrhages, or one from 
which all nerve-cells and most other elements had disappeared. 
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This zone, if of any duration, was surrounded by a wall of reacting tissue (Fig. 7). Sma 
areas of some standing were covered completely with newly-formed vessels and granular co 
puscles. As in similar areas in the white matter, myelin sheaths in the central areas remain 
in a palely-staining form until removed by the invasion of phagocytes from the margin. | 
the cerebral cortex such areas mght lie superficially or might involve chiefly the deep 
laminae; in the former event the meninges were often but not always particularly active 
the reparative process. The stage of organization reached bore no definite relation to tl 
duration of the experiment, or to the length of survival after the fatal dose; occasional! 
lesions of different ages might be present in one brain, but usually the areas in one brain we! 
all of the same age and corresponded in this respect with necrotic areas in the white matte: 
Apparently these lesions might follow any particular dose of KCN and, after the acute sym} 
toms due to that dose had passed off, in many cases gave no sign of their presence. 

The cortical lesions reached their acme in M.805, the macroscopic appearances in whic 
have been described already; they are compared below with lesions of known age produced 
in the cortex by other means. 


In the cerebellum two distinct lesions existed ; they were often coincident and 
co-extensive, though not necessarily so. 


Stretches of Purkinje cells might be wanting, or might be represented by a series of 
holes or of necrotic cellular remains. Vascular response to such damage was usually not 
marked, though microglial phagocytosis and the formation of a glial ‘‘strauchwerk’’ occurred 
after a time. The other lesion involved the meninges and underlying molecular zone, and did 
not often extend so deeply as to affect the layer of Purkinje cells and the granular layer. 
When these structures were affected (M.805, M.788, M.789), enlargement of the glial cells in 
the granular layer and the underlying white matter resulted. From the meninges, often in- 
filtrated with lymphocytes and polymorphonuclear leucocytes, newly-formed vessels invaded 
the nervous tissue and were accompanied by many phagocytes, of which a large proportion 
was derived from the membranes and the vascular adventitia. Pallor of the white matter 
in Weil preparations of one case was due to oedema rather than to pronounced outfall of 
myelin sheaths. 


TABLE 3. 


Distribution of Lesions in the Grey Matter of Monkeys given Repeated Doses of 


KCN, 

809 791 804 797 799 792 793 800 805 806 813 789 788 
Globus pallidus 0 + 0 ~ + + + - ~ 0 + + 0 0 
Caudate nucleus + 0 0 + 0 + + 0 0 0 + + 0 
Putamen 0 0 + 0 0 0 + 0 0 0 + + 0 
Substantia nigra 0 0 + 0 0 0 0 0 0 0 0 0 0 
Cerebral cortex 0 0 0 0 0 + 0 0 ++ 0 ++ 0 0 
Cerebellum 0 0 0 + 0 + 0 oO ++ 0 ++ ++ + 


Distribution of Lesions. As will be seen from Table 3, 13 cases showed lesions 
in the grey matter. The globus pallidus was affected in eight, the caudate nucleus 
in six, the putamen in four, the substantia nigra in one, the cerebral cortex in three, 
and the cerebellum in six; the cornu Ammonis always escaped. In many of these 
the foci in the grey matter were only small, the damage in the white matter more 
extensive. 
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Other Lesions. Generally speaking nerve-cells not situated in or immediately adjacent to 

e above areas were perfectly preserved. However, in M.792 surviving five days with severe 
rvous symptoms, there was considerable oedematous swelling of many small pyramids in the 
-cipital cortex, associated with some enlargement of the subpial glia. In M.805, under simi- 
r circumstances, chromatolysis of nerve-cells and early proliferation of microglia was noted 
motor nuclei of the brain-stem, and was marked in the anterior horn at some levels of the 

mbar cord. A few Betz cells overlying an area of demyelination showed chromatolysis and 
hvalinization of their cytoplasm. In M.794, dying 18 hours after a dose of KCN, large tracts 
of cerebral cortex unrelated to any definite functional, anatomical or major vascular area 


were oedematous; shrunken nerve-cells lay in holes, the perivascular spaces were dilated and 
occasional ring haemorrhages were seen. Arterioles and capillaries in many parts of the 
cerebrum were stuffed with polymorphonuclear leucecytes, and these were present in the 
nervous tissues of many regions. 

Finally, in many monkeys foci of lymphocytes occurred without other lesions in the 
meninges over the brain, brain-stem and spinal cord, and less often in the choroid plexuses. 
Mononuclear cuffing was sometimes seen at levels of the brain-stem and cord. 


Comparison with Cerebral Lesions due to Other Causes. 


Necrotic lesions in the grey and the white matter of monkeys poisoned with 
KCN were compared with those in animals in which death of tissue had resulted 
from experimental embolism and from freezing the brain. 

Embolic Lesions. Vegetable charcoal washed repeatedly with distilled water 
was suspended in saline and autoclaved. Inoculations were made into the common 
carotid artery after ligature of the external maxillary and external carotid 
branches. Owing to their angular shape the particles sometimes caught in the 
wall of a vessel and only partly obstructed the lumen. Apparently, too, the par- 
ticles were carried to the brain in groups which blocked closely-adjacent small 
vessels, producing much larger areas of necrosis than would have been expected 
from the size of the particles (mostly about 10-12, in longest dimension—obtained 
by repeated differential sedimentation). Under these circumstances a number of 
foci varying in size and severity of damage resulted. The ages of the embolic 
lesions were 3, 4, 7 and 8 days respectively. 

The embolic areas were much more irregular in shape than those due to KCN, and at any 
given stage of organization the glial cells in the normal tissue at the periphery were larger 
and more numerous than those in the experiments with cyanide. In many other respects, in- 
cluding the immigration of polymorphonuclear leucocytes and the persistence until organiza- 
tion of palely-staining myelin sheaths, the appearances duplicated those in the latter ex- 
periments. The distribution of lesions was, however, very different, involving the grey far 
more than the white matter. Moreover, irregularly-shaped areas included both grey and white 
matter without respecting the integrity of the arcuate fibres. 


On the basis of the foregoing observations, the estimated age of the necrotic 
lesions due to KCN varied from one to about seven days. One finding rendered it 
uncertain, however, whether this method of estimation was always valid. In 
animals such as M.789 and M.809 the degree of reaction of the vessels and of phago- 
eytic cells at the margins of the necrotic areas, and still more the stage of fading 
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of pyknotie glial nuclei in their central parts, corresponded with an apparent a 
of not more than two days; these monkeys received their last doses of KCN fi, 
days before death, and had developed progressively increasing weakness a: 
stupor. In other monkeys analagous findings were made in the cerebellum. He 
most of the Purkinje cells had disappeared and had been replaced by glial cells ; 
few, however, though obviously fully necrotic, lay in the tissues without any sik 
of reaction or phagocytosis. It is difficult to believe that they had lain thus for 
several days, while others killed at the same time had been wholly removed. R 
membering that cyanide itself is rapidly destroyed in the body, we must choose 
among the following alternative explanations. 

(i) KCN initiates a slowly progressive change of the tissue, irreversible after 
removal of the poison and ending in necrosis only several days later. Some cellu 
iar elements may be killed outright while some (or all in some areas) suffer th: 
slower change. 

(ii) KCN causes immediate necrosis of cells, but the histological reaction and 
changes in some of the dead cells occur much more slowly than in necrosis, due to 
other causes. 

(iii) KCN injures the nervous or vascular tissue, rendering the former suscep- 
tible or accessible to a second factor which is actually responsible for the necrosis. 

It may be mentioned that in some animals the reaction around lesions in the grey matter 
(basal ganglia) was definitely more advanced than that in the white; such lesions may of 
course have been rather older, or the speed of reaction may have been different in the two 
situations. Where, as in M.805 and M.792, the appearance of the lesions corresponded with 
the period elapsing between the last dose of KCN and death, there was of course no evidence 
that the lesions were due to the fatal dose, for many animals dying suddenly after an injection 
showed in the brains lesions several days old. 


Lesions Due to Freezing. The brains were frozen for five minutes with carbon- 
dioxide snow three and five days respectively before death; a piece of bone about 
4 em. square was removed and the tightly-packed snow applied to the intact dura. 
The lesions resulting were most nearly comparable with those in the cortex of 
M.805 (see above). 


In M.805, the lesions due to cyanide extended in places through the whole depth of the 
cerebral cortex. All nerve-cells had disappeared, but many oligodendroglial and neuroglial 
nuclei had faded only partially from a pyknotie state. The capillary walls though now show- 
ing a few mitoses had suffered severe damage, and numerous haemorrhages were present. The 
overlying meninges, though their cells appeared to be living, showed no reaction except at 
the extreme edges of the lesions. Occasional polymorphonuclear leucocytes were present in 
the meninges, and rather more in the zone of reaction deep in the tissues. In the necrotic 
area myelin sheaths stained feebly but were mostly normal in form until removed by invading 
phagocytes. The zone of reaction was broad, with pronounced hyperplasia of the vascular 
adventitia and many granular corpuscles; outside this area were many greatly enlarged glial 
cells. The appearance of the lesions suggested a duration of about a week; the last dose of 
KCN had been administered five days previously. 

The lesions due to freezing also extended through the whole depth of the cortex. In the 
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three-day-old lesion the peripheral zone of reaction was not nearly as pronounced as in the 
ibove; in the five-day-old lesion it was nearly as well developed. Nevertheless in a shorter 
ime than in M.805 all trace of nuclear structure was lost in the central area, where the vessels 
vere completely necrotic and haemorrhages numerous. Except at the edges of the lesion, no 
reaction was evident in the meninges, but judging by the complete absence of nuclear struc- 
ture these too were dead. Massive collections of polymorphonuclear leucocytes were present 
in parts of the necrotic area (which bacteriologically was sterile). In Weil preparations no 
myelin stained. 

Thus in the lesions due to KCN, nuclear structures and myelin faded more 
slowly than in those caused by the probably more drastic procedure of local freez- 
ing with CO. snow; with the latter, damage to mesodermal structures and out- 
pouring of polymorphonuclear leucocytes were greater. Reaction at the periphery 
of the dead area was fully as active in the experiment with KCN as in those with 
CO» snow. 


Correlation between Dosage of KCN and Production of Lesions. 


When the data presented in Table 1 are considered in terms of the dose of 
KCN per day per kilo. body-weight, and M.789 and M.788 are excluded because in 
these animals the dose was increased very steeply in the last weeks of life, it is seen 
that no very exact correlation is possible between the amount of cyanide adminis- 
tered and the occurrence of nervous lesions in either grey or white matter. 


Lesions Resulting from a Single Dose of KCN. 


The foregoing experiments suggested that the lesions in some animals resulted 
from a particular dose of KCN rather than from a summation of repeated injuries. 
Consequently, I studied the effects of single doses of the poison near the lethal 
level. 


M.810. The clinical condition of this animal is described above. 

Histological examination. Except for the presence of a few pyknotie oligodendroglial nuclei 
in various parts of the white matter, the only lesions were in the grey matter. The globus pallidus 
and, to a less extent, the putamen and caudate nucleus showed ‘‘ partial damage’’ as defined 
previously. A number of well-preserved nerve-cells persisted in the damaged areas though 
demyelination was almost complete. The cerebellum was severely affected. While many Purkinje 
cells were missing and replaced by a glial ‘‘ sirauchwerk’’, a few though obviously dead were not 
yet undergoing phagocytosis; this observation, taken in conjunction with the symptomatology, 
suggests a progressive lesion in the absence of further administration of KCN. The dentate 
nucleus showed minor lesions. Elsewhere the nerve-cells stained normally. 

M.817. The clinical condition of this animal is described above. 

Histological examination. Lesions similar to those in the preceding monkey were accom 
panied by severe damage to the occipital, parietal and motor cortex. They were situated ex- 
clusively in the deeper and middle laminae. Partial but severe destruction of the myelin sheaths 
was noted in these areas. 

M.820. After 6 hours’ unconsciousness following a dose of KCN equivalent to 5 mg. per 
kilo., the monkey was treated with methylene blue. Next morning it was very drowsy with 


marked nervous signs. It was killed 30 hours after the cyanide, 
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Histological examination. Already the white matter of the occipital, parietal, temporal an 
frontal lobes and that of the corpus callosum stained very feebly by Weil’s method. The exac 
(distribution of lesions was that recorded above. The affected areas were ‘‘vacuolated’’, th 
myelin sheaths fading and the various nuclei pyknotic. Only minor abnormalities of staini 
were evident in some nerve-cells. 

M.824. After a dose of KCN equivalent to 7 mg. per kilo., this animal nearly died and w: 
resuscitated with intravenous sodium nitrite followed by sodium thiosulphate. It recover 
consciousness 20 minutes later. Six hours later methylene blue was administered. The anima 
still very weak and shaky, was killed 26 hours after the cyanide. 

Histological examination. Large areas of the cerebral cortex, especially of the deep: 
laminae, showed severe oedema, with extreme oedematous change, chromatolysis, incrustation 
and so on of the nerve-cells. The cornu Ammonis was among the parts affected. The basa 
ganglia showed similar but much less severe lesions. 


‘ 


From these experiments it seems that all the changes, except ‘‘over-cellu 
larity’’ and ‘‘ partial demyelination’’ in the white matter, seen in monkeys given 
repeated doses of KCN may occur as the result of single doses of the poison, but 
that lesions in the white matter are relatively less frequent than after repeated 
doses. 


Comparison with Acute Epizdotic Leucoencephalitis of Horses. 


Possibly the spontaneous disease histologically most closely resembling the 
condition produced by KCN is the leucoencephalitis of horses described by Mac- 
Callum and Buckley. 


In 1901 MacCallum and Buckley observed an equine epizdotie in Maryland, U.S.A. The 
same disease has undoubtedly recurred since in various parts of the country; the most recent 
mention is by Graham (1936) and by Schwartz (1938). An acute nervous iilness with cerebral 
symptoms ended occasionally in recovery, but survivors remained ‘‘dummies’’ lacking in 
intelligence. The lesions consisted in bilateral softening almost wholly limited to the cerebral 
white matter, with numerous haemorrhages. There was no macroscopic thrombosis, but mic- 
roscopically in places hyaline material occupied the lumina of the vessels; the nature of this 
substance was not clear. The walls of the vessels showed polymorphonuclear (and mono- 
nuclear) infiltration. [An addendum to MacCallum and Buckley’s paper suggests that later 
they may possibly have observed an epizéotie of equine encephalomyelitis (Ten Broeck and 
Merrill, 1933, and many subsequent authors).] Butler (1902) claimed to have reproduced 
this condition by feeding mouldy, worm-eaten corn. 

Graham’s paper (1936) deals with the loss of 5,000 horses in Illinois in the years 1934-5. 
Previous outbreaks had occurred in that State in 1893 and 1914. The popular name ‘‘corn- 
’? suggests the supposed aetiological agent. The disease was reproduced in one 
and possibly in two of eight horses turned into a 55-acre cornfield, but feeding damaged corn 
to eight horses in stalls gave no positive result. All efforts to demonstrate a virus in more 
than 50 affected brains were fruitless. Sixty-five per cent. of the brains showed areas of 
gross degeneration apparently similar to those described by MacCallum and Buckley. 
Schwarte (1938) reproduced the condition by feeding mouldy corn. 


Between 1932 and 1934 at the Rockefeller Institute, Princeton, N.J., I ob- 
served two cases of this disease. Unfortunately, most of the slides were broken 
subsequently during transit to England, but the remainder of those of one case 
show a condition resembling in many respects that described above. 


stalk disease 
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Bilateral, symmetrical softening of the lateral part of the white matter of the cerebral 
1emispheres was present opposite and in front of the anterior end of the lenticular nucleus. 
Each area could not have been more than an inch-and-a-half in longest diameter. Centrally 
ver a restricted area ali nuclear staining was lost even in the capillary walls, and many 
haemorrhages were present. A much wider zone showed fading of some but not all nuclei; it 
merged gradually into normal white matter, but was more sharply demarcated against the 
cortieal grey matter. Many polymorphonuclear leucocytes were present, especially in the 
nervous tissues immediately around the vessels. The perivascular spaces contained numerous 
polymorphonuclears and some lymphocytes. The adventitial cells of the larger vessels and the 
capillary endothelium were much swollen and multiplying actively. Early microglial reaction 
was evident. The age of the lesions was estimated to be not more than two days; symptoms 
had lasted for about 30 hours. 

The central areas were almost wholly demyelinated; only a few very varicose, but nor- 
mally staining myelin sheaths persisted. (No preparations showing axis-cylinders remained.) 
In the outer zone many sheaths were varicose but the number present was near the normal. 

Elsewhere in the brain, many vessels showed in the perivascular space a few granular 
corpuscles containing fat, and many similar cells were present in places immediately beneath 
the pia over the cerebral hemispheres. 


The chief differences between the foregoing and the ‘‘necrotic’’ lesions due to 
KCN consist in: 


(i) The more complete softening in the centre of the lesions of the horse dis- 
ease with the presence of translucent material coagulated by the fixative. 

(ii) The less abrupt transition in the horse disease from softened to normal 
tissue ; in particular, reaction was apparent in vessel walls much further removed 
from the softened area. Extravasations of blood were also more numerous and 
widely spread. 

(iii) The involvement in many places in the horse brain of the arcuate fibres, 
and the frequent tendency for the zone of reaction to encroach on the deeper layers 
of the cortex. 


COMMENT. 


The effects on the nervous system of doses of KCN not immediately fatal have 
seldom been studied. 

Collins and Martland (1908) observed symptoms suggesting damage to the lower motor 
neurons in a hotel-worker whose duties involved the frequent use of KCN for polishing silver. 
The patient gradually recovered. Following this the authors inoculated four rabbits intra- 
venously with KCN (10 to 18 mg. in the course of 10 to 16 days); the lesions they describe 
do not correspond with those described above. 

Meyer (1933) cites two human cases dying within 36 hours or so of poisoning. He gave 
four dogs and two rabbits one to seven doses of KCN in the course of three to nine days. 
Lesions, mainly necrotic in type, were present in the grey matter of the basal nuclei, cere- 
bellum, cerebral cortex and cornu Ammonis: in several animals the corpus callosum was also 
involved. The lesions were focal and bore the stamp of vascular origin. Unlike those in our 
experiments, the vessels were greatly dilated, as they are in poisoning with carbon monoxide. 


Ferraro (1933a and b) carried out experiments mainly on eats. Beginning with a dose of 
2 mg. KCN subcutaneously, he increased it daily by 0-5 mg., to a maximum in one case of 35 
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mg. ‘‘One of the highest doses ever given’’ was of 800 mg. in 66 injections over 132 days 
the weights of the animals are not stated. The brains showed large areas of partial or con 
plete demyelination. Usually the areas were not sharply defined, but occasional foci r 
sembling those in disseminated sclerosis or, alternatively, concentric demyelination as di 
scribed in man by Bald were present. The U fibres were usually intact. These changes we 
particularly severe in the frontal and occipital lobes, and especially in the periventricular region; 
and the corpus callosum. The brain-stem and cerebellum were also affected, again especial! 
around the fourth ventricle. In the spinal cord changes particularly affected the posterior colum 
and the posterior nerve-roots. The optic nerves, chiasma and tracts were involved. In th 
demyelinated areas the axis-cylinders were often relatively spared, and considerable gliosis hac 
oceurred; demyelination could not be correlated with involvement of the oligodendroglia. A 
few areas of complete necrosis had resulted where degenerative changes were unusually sever 
Only two of 18 animals presented inflammatory lesions; these were present not only in the whit 
matter but also in the cortex and meninges, constituting a definite meningo-encephalitis. Ferraro 
attributed the absence of scharlach-staining products of degeneration to deficient oxidation 
impairing the usual transformation of degenerated myelin to neutral fat. 

Tolone (19372), using much smaller doses of KCN, failed to confirm Ferraro’s findings in 
nine cats. In his animals lesions affected chiefly the anterior-horn cells of the spinal cord and 
the granular layer of the cerebellum. In only one case were areas of incomplete destruction 
of the myelin sheaths apparent, and a condition analogous to diffuse sclerosis was not obtained. 
He believes (1937b) that the secondary consequences of damage to the liver and kidney ean- 
not be ignored in the genesis of the encephalopathy. 

Jervis (1937) administered to two cats 360 and 440 mg. KCN per kilo. in the course of 
10 months. He obtained diffuse or localized demyelination, especially in the corpus callosum 
and cerebellum. He discusses the negative results of some earlier writers in relation to (a) 
the total dose of KCN, (b) the largest single dose employed, (¢) the interval between doses 
and the time over which the total dose was administered, (d) the grouping of the largest 
doses immediately before death, as happens in animals given doses increased daily, and (e) 
the species of animal used for experiment. The necessity for large doses frequently repeated 
is explained by the pathogenic mechanism in poisoning with KCN. Essentially this is a cellu- 
lar asphyxia due to (i) inhibition of cellular oxidation, (ii) a probable action on vasomotor 
innervation leading to vascular spasm or paralysis (hence the circumscribed softenings described 
by Meyer and by Ferraro), and (iii) paralysis of the respiratory and circulatory centres. Of 
these (i) is readily reversible and (ii) and (iii) are operative only if of a certain duration. 

Jedlowski (1937, 1938) poisoned nine dogs with KCN. Analysis of his data shows that 
the total dosage ranged from 14 to 307 mg. per kilo. in from four to 120 days; increasing daily 
doses varied from 2 to 6 mg. per kilo. He found it desirable to inject fresh solutions of KCN 
daily without interruption. The larger doses were sometimes fractionated over the 24 hours; 
at other times the animals were maintained for several days on a constant or diminished dose. 
In dogs poisoned for but a short time, initial demyelinating lesions were detected only in 
preparations stained by the method of Donaggio; they preceded reaction on the part of the 
neuroglia, oligodendroglia or microglia. Advanced lesions tended to affect especially the 
white matter of the cerebrum and cerebellum, the corpus callosum and the optic nerves: they 
were not secondary to damage to the liver. They took the form of circumscribed plaques, 
concentric lesions (Bald), or diffuse demyelination over a wide area; all types of lesion might 
be present in one brain. In general the axis-cylinders were resistant, and the nerve-cells 
showed no marked change in their neurofibrillar network. Inflammatory lesions of the vessels 
were wanting. 


The histological changes in the present series of cases differed in detail from 


those deseribed by Ferraro, and by recent Italian authors. In the greater fre- 
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uency of frankly neerotic lesions they resembled more closely those mentioned in 
Meyer’s paper, though unlike these they were commonly much more severe and ex- 
‘ensive in the white than in the grey matter of the brain. Necrotie lesions are 
described by Ferraro at sites where degeneration was unusually intense. Evi- 
dently in a given experiment the factors considered by Jervis influence materially 
the pathological picture. 

The dosage of KCN needed to produce these lesions is relatively enormous; 
und whether or not cyanide compounds are normal products of intermediary meta- 
bolism (see Ferraro), it is highly improbable that they play any part in the patho- 
genesis of spontaneous demyelinating disease of man and animals. However this 
may be, a study of the experimental encephalopathy furnishes a number of in- 
teresting and possibly important observations. Among these may be listed the 
following : 


(i) The distribution of the demyelinating and/or necrotic lesions in the cere- 
bral white matter after poisoning with KCN is very similar to that of the changes 
in Sehilder’s disease. This correspondence is sufficiently exact to suggest some 
underlying factor common to the two conditions. 

(ii) In histological detail, the more severe lesions due to KCN bear some re- 
semblance to those in another naturally occurring disease, viz. acute epizodtic 
leucoencephalitis of horses. Here also a bilateral and roughly symmetrical necro- 
tie lesion of the cerebral white matter arises suddenly in a (presumably) normal 
brain. It has been claimed that a toxic factor present in damaged fodder is the 
causative agent. 

(iii) Most unexpectedly, it appears that when from poisoning with KCN 
necrosis results in the white matter, it may do so suddenly and as a whole over a 
territory comprising the greater part of the centrum semi-ovale, the corpus callo- 
sum, the optic tracts, and so on. Comparison with the lesions following blockage 
of vessels by experimental emboli renders it most unlikely that this necrosis, with 
its peculiar distribution, is due to vascular spasm; and histological examination 
reveals no trace of the vascular dilatation and stasis blamed for the lesions in 
poisoning with carbon monoxide. Incidentally, no previous writer has emphasized 
the uniform age of the destructive changes in many of the animals poisoned by 
repeated doses. 

(iv) On oceasion, these widespread lesions of the cerebral white matter may 
follow a single (nearly lethal) dose of KCN; at the same time, single doses of this 
magnitude more frequently cause extensive damage to the grey matter, particu- 
larly that of the cerebellum, cerebral cortex and basal ganglia. In chronic poison- 
ing there is some clinical evidence, based on exact daily records of the period of 
unconsciousness in the individual animals, that after a number of nearly lethal 
doses the reactivity of the animal is altered ; in other words that there is a summa- 
tion of the effect of the cyanide, as opposed to a cumulative effect of the poison 


itself. It is difficult, however, to correlate exactly the clinical with the histological 
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findings, and the latter with the time elapsing between the last dose of KCN an 
death. The more drastic changes in the white matter resulting from KCN we 
seen usually in those animals surviving a number of days after the last dose, b 
in some cases they evidently preceded the fatal dose: the proportion of anima 
showing widespread lesions in the white matter after repeated doses was great 
than that after single doses, from which it appears that preliminary intoxicati: 
with cyanide favours localization of lesions in the white matter. 

(v) In view of the known essentially temporary and reversible action « 
KCN on oxidative processes in living cells, we cannot attribute the symptomatolog ’ 
in animals recovering completely from the immediate effects of the poison, y: 
which later show a recrudescence of nervous symptoms, to the uncomplicated in 
hibition of these enzymatic systems. We have, therefore, to seek a second factor 
operative over a longer period and one possibly activated by the cyanide. 

(vi) As features of secondary interest, we may note the rapid loss of tinetoria! 
properties and of anisotropy in the myelin sheaths in severely damaged areas ; this 
is already apparent 30 hours after administration of KCN (M.820).  Simila 
changes occur in experimental embolism. The axis-cylinders retain their norma! 
staining reactions (by the Bielschowsky technique) much longer. Alterations in 
form, though not in the staining properties, of the myelin sheaths are much 
greater in areas of partial damage at the periphery of the lesion; and changes in 
form of the myelin sheaths in the central parts of the lesion await subsequent or- 
ganization and invasion of phagocytes from the periphery. The appearance of 
these pallid areas is not dissimilar from that of the ‘‘markschattenherde’’ de- 
scribed by German authors in disseminated sclerosis. 

(vii) The frequent accumulation of polymorphonuclear leucocytes in the 
nervous tissues and perivascular sheaths would, in the absence of any knowledge 
of the aetiology of the lesions, almost inevitably suggest the operation of a bac- 
terium or virus. A similar infiltration with leucocytes is prominent in acute epi- 
zootic leucoencephalitis of horses. 


SUMMARY. 


Apart from lesions in the grey matter, which may affect predominantly either 
the myelin or the nerve-cells or may amount to total necrosis of tissue, areas of 
partial or complete demyelination, and of actual necrosis, may occur in the white 
matter in the brains of monkeys poisoned with potassium cyanide. Under the 
conditions of the present experiments, in which large doses of the poison were ad- 
ministered daily, lesions in the white matter were the most obvious, and necrosis 
was perhaps more frequent than mere demyelination. Occasionally single doses 
of potassium cyanide may produce the same result, but prior intoxication with the 
drug appears to favour localization of the lesions in the white matter ; the clinical 
findings suggest a summation of the effects of individual doses of the poison. Nee- 
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osis may occur suddenly and simultaneously over wide stretches of the cerebral 
vhite matter. In distribution the lesions bear considerable resemblance to those 
n Schilder’s disease (diffuse sclerosis), in histological detail to those of acute epi- 
jotie leucoencephalitis of horses (MacCallum and Buckley). All the signs of 
acute inflammation may accompany these lesions due to a simple chemical agent. 
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The researches of Nicholson (1934) have drawn attention to some of the 
effects of this toxin on the circulation—notably on the heart by constricting the 
coronary vessels; and the more recent studies of Gordon, Stewart, Holman and 
Wilson Taylor (1940), which appeared as this work was nearing completion, have 
stressed the biochemical changes which result from its action. Our attention has 
been centred rather on the clinical manifestations of poisoning, and particularly 
on the convulsions which occur in the natural disease in which the toxin is ab- 
sorbed from the alimentary tract and which were fairly regularly observed in our 
experiments after intravenous injection in young lambs. We have studied also 
the circulatory changes produced by the toxin in lambs, rabbits and eats. 

The presence of a histamine-like impurity in the dry toxin partially purified by 
precipitation with ammonium sulphate was shown by experiments on the isolated 
jejunum of the guinea-pig, and we have used for our experiments a toxin freed 
from most of this impurity. 


METHODS. 


Preparation of the Toxin. The strain used was recently isolated from a fatal case of 
enterotoxaemia in a sheep. It was grown for 54 days (to allow deterioration of the a constituent) 
in ‘*V.F.’’ broth with the addition of 0-25 p.c. glucose. The culture was passed through a 
Sharples centrifuge (40,000 r.p.m.) to throw down bacilli. Ammonium sulphate was added to 
65 p.c. and the material was left overnight in the refrigerator at 3°C. The precipitate was now 
pressed firmly between moist filter cloths. The cakes of precipitate were cut up into small 
fragments and dried in vacuo over suiphurie acid at 3°C. The dry powdered toxin had an M.L.D. 
of about 307 for 20 gm. mice. No attempt was made to estimate its lethal dose in sheep, but 
the intravenous injection of 2-2 mg. per kg. caused death in 1 hour 23 minutes. The toxin was 
only feebly haemolytic, 4 mg. being required to give 50 p.c. haemolysis of 1 ¢.c. of a 3 p.c. sus- 
pension of washed sheep red blood corpuscles. Haemolysis was prevented by Cl.welchii A anti- 
toxin. Cl.welchii D antitoxin completely protected mice against the toxin in doses up to 200 
M.L.D. 


1 This work was aided by a grant from the National Health and Medical Research Council, 
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This toxin was further purified for us by Mr. A. T. Dann of the Division of Animal Healt! 
and Nutrition, Council for Scientific and Industrial Research. By precipitation with 50 p.« 
alcohol in the cold he removed the histamine-like muscle stimulant substance present in the toxir 
The toxin, precipitated by ammonium sulphate, was dissolved in cold normal saline solutio: 
(1 gm. in 100 e¢.c.) by contact at 3°C. for some hours. After centrifugation for 20 minutes a 
0°C. in a refrigerated centrifuge to remove small amounts of insoluble matter some sodiur 
acetate and an equal volume of absolute ethyl aleohol cooled to — 15°C. were added. Th 
temperature was not allowed to rise above 5°C. The mixture was left to floceulate for half-an-hou 
at — 15°C. and was then centrifuged at — 10°C. The precipitate was suspended in absolut 
aleohol at — 15°C., quickly filtered, washed with acetone at — 15°C. and dried in the cold ove 
sulphurie acid in vacuo. The yield was about 16 p.c. and consisted of a whitish powder almosi 
wholly soluble in normal saline solution. The M.L.D. for mice of 20 gm. was about 8y. 

The lambs used were Border Leicester-Merino crosses from 2 to 4 months old, and wer 
procured from a farm known to be free from enterotoxaemia. They had never been vaccinated 
against the disease and a series of tests on the sera of one batch failed to reveal any trace of 
antibody. Their weights ranged from 10 to 17 kg. 

The methods used for biochemical determinations in blood were for calcium, Kramer and 
Tisdall (1921), for sugar, Maclean (1919), for urea, Maclean’s modification (1918) of Van Slyke 
and Cullen (1914), for alkali reserve, Van Slyke (1917) for oxygen content and oxygen capacity, 
Van Slyke and Stadie (1921), and for haemoglobin, Sahli (100 p.c. = 14 gm. Hb. p.c.). For 
the oxygen content 1 ¢.c. samples were obtained by puncture of the carotid with a fine needle 
attached to an all-glass syringe wet with potassium oxalate solution and the samples were trans- 
ferred directly, without contact with air, under the surface of the evacuated ferricyanide and 
saponin mixture in the cup of the Van Slyke apparatus. 

For anaesthesia we used chloralose 1 p.e. 10 to 12 ¢.c. per kg. intravenously by a jugular vein 
in lambs, by an ear vein in rabbits, and by an internal saphenous vein in cats. For rabbits a little 
ether was necessary in addition during the operative procedures. For decerebration and spinal 
section in lambs ether was used. Artificial ventilation for lambs was provided by coupling two 
Starling Ideal Pumps, each of 500 ¢.c. stroke, by chain wheels of equal size bolted to the fly 
wheels and connected in phase by a bicycle chain. 

Decerebration was performed under sight. A tracheal cannula was tied in, the vagi divided, 
and both carotid arteries tied. A flap of scalp was thrown forward and large portions of the 
parietal and occipital bones were removed, making a window 6 X 4 em. with its long axis trans- 
verse. The dura was opened and the vertebral arteries controlled by manual compression. The 
cerebral hemispheres were delivered and the brain stem was divided coronally immediately in front 
of the anterior colliculi. Vertebral compression was maintained for a few minutes, and a thin 
layer of dry cotton-wool was placed over the cut end of the brain stem. There was very little loss 
of blood. Spinal section was carried out by ligature of the cord with a cotton thread after opening 
the dura. 

The pressure in the pulmonary artery in rabbits and cats was recorded as described by 
Kellaway and LeMessurier (1936). The upper and lower lobes of the left lung were removed and 
the cannula tied into the stump of the lung artery and connected with a mercury manometer. In 
lambs a large window was made in the left thoracie wall by the removal of 3 to 4 inches of the 
second to the sixth ribs, haemorrhage from the intercostal arteries being controlled by ligation of 
the ribs. The pulmonary artery to the upper lobe was exposed by division between ligatures of a 
vein and a small bronchus lying anterior to it at the hilum. The venous pressure was recorded by 
a cannula inserted into a jugular vein and connected through a water manometer with a Brodie’s 
tambour. For these procedures in the lamb anti-coagulants were necessary. We used chlorasol 
fast pink 8 p.c. (3 to 4 ¢.c.) and heparin 3 to 4 mg. (45-60 units), injected in the recording 
cannulas through their rubber connections. We studied the effects of the toxin in the vessels of 











NEUROTOXIC EFFECTS OF CL. WELCHII D TOXIN 227 


the lower limb by the method of Feldberg and Schilf (1930) and the direct action of toxin on the 
suprarenals by injection into the cut stump of the coeliac axis or superior mesenteric artery in the 
eviseerate preparation in which the aorta was ligated distal to the renal vessels. 





Fig. 1. Responses of four pieces of isolated jejunum of guinea-pigs: A and B from one 
animal and C and D from another. At T, 5 mg. unpurified; at P, 2 mg. purified toxin; at T’ 
and P’, the same doses neutralized ; all left in contact with the gut for 30 seconds. The unlettered 
responses are to 0-ly histamine. Time in minutes. Details in text. 


Electrocardiograms were obtained using zine electrodes firmly applied to the closely shaven 
limb, contact being made by a thin layer of soft soap. The effects of the toxin on smooth muscle 
were studied on the isolated jejunum of the guinea-pig suspended in oxygenated Tyrode solution 
in an isolated organ bath at 36°C, 
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RESULTS. 
A. ACTION OF THE TOXIN ON THE ISOLATED JEJUNUM OF THE GUINEA-PI 


With toxin precipitated with ammonium sulphate there is an immediate hist:.- 
mine-like response and a superimposed secondary response with a latency whi) 
depends on the size of the dose. The relaxation from this second contraction of 
the smooth muscle takes place more slowly than that after contraction to histamine. 
When repeated doses are given at 10-minute intervals the response of the gut i» 
the constituent which causes immediate contraction is undiminished but the gut 
becomes progressively less sensitive to the second constituent. This is illustrated 
in A of Fig. 1, which shows four successive responses to 5 mg. of toxin at T. The 
responses to the histamine-like substance increase with the increasing sensitivity 
of the gut to histamine. The latencies of the secondary contractions were 15, 18 
and 25 seconds for the first three doses, and the secondary response to the fourti: 
dose was absent. The lateral arrows indicate the points at which the secondary 
contractions are superimposed on the histamine-like contractions. When the 
toxin is over-neutralized with antitoxin and tested on a fresh piece of gut this 
responds to the histamine-like substance giving an immediate contraction, but there 
is no delayed response with slower relaxation. This latter response is therefore 
the specific response to the toxin, and the immediate contraction is caused by an 
impurity. When the toxin is purified by the method already described most 
samples are free from this histamine-like substance. Fig. 1B shows responses (at 
P) at ten-minute intervals to four successive doses of 2 mg. of purified fraction 
in which there was still a trace of the histamine-like impurity. The latency of the 
specific response was 20 seconds for the first dose and 22, 24 and 25 seconds for the 
succeeding ones. It will be observed that the responses to the third and fourth 
doses were insignificant. In A, after a further interval of 10 minutes, 2 mg. of 
purified toxin was tested at P and the latency of the secondary response was 20 
seconds. In B, after a similar interval, 5 mg. of unpurified toxin was tested at T 
and gave only an immediate histamine-like response. Fig. 1, C, shows that a dose 
of 2 mg. of a sample of neutralized purified toxin was without action on the gut at 
P’, but unneutralized at P gave a good response with a latency of twelve seconds 
and a very delayed relaxation. There were slight after-changes in the reactivity 
of the gut to histamine. Fig. 1, D, shows the response to 2 mg. of purified (at P’) 
and 5 mg. of unpurified toxin (at T’), each neutralized with antitoxin. The dose 
of purified toxin (2 mg.) was equivalent to approximately 12 mg. of unpurified 
toxin. 


Depressor Action of Histamine-like Constituent of Toxin on the Cat’s Blood 
Pressure. 

We further tested the histamine-like constituent by comparing the effects of 

toxin before and after purification upon the blood pressure of the eviscerated cat 
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ider chloralose anaesthesia. Fig. 2 shows the responses of the carotid blood pres- 
sure of a eat weighing 2-6 kg. to 10 mg. of unpurified toxin at T and to 5 mg. of 
purified toxin (equivalent to 30 mg. of unpurified toxin) at P. At H are the re- 
sponses to ly histamine. After the injection of purified toxin the preparation lost 





Fig. 2. Record of carotid blood pressure of atropinized eviscerated cat under chloralose 
anaesthesia. At T, 10 mg. unpurified; at P, 5 mg. purified toxin; at H, ly histamine injected 
intravenously. Four minutes interval between the panels. Time in half minutes. 


its sensitivity to histamine within 10 minutes. Even the first response after this 
large dose of purified toxin was greatly diminished, Tests using neutralized toxin 
avoided the complication of change in sensitivity and gave similar results. 


B. EXPERIMENTS ON LAMBS. 
1. Effects of Intravenous Injection on Unanaesthetized Animals. 


The clinical and post-mortem appearances after the intravenous injection of 
toxin varied greatly with the dosage. Large doses (2-2 and 7-7 mg. per kg.) 
caused death within five minutes with signs of acute cardiae failure. After 
medium doses (0-2 and 0-38 mg. per kg.) death occurred within an hour, and the 
characteristic post-mortem finding was haemorrhagic oedema of the lungs. Doses 
but little greater than the M.L.D. caused death in from three to seven hours. In 
five out of six of the animals which received these small doses (0-1 to 0-13 mg. per 
kg.) the dominant feature in the clinical picture was the oceurrence of convulsive 
attacks, beginning at the earliest about 14 hours after the injection. The remain- 
ing animal in this group did not develop convulsions but died quietly after seven 
hours. Our observations are summarized in Table 1. 

The animals which received the two largest doses developed intense dyspnoea within a minute. 


The respiration ceased temporarily, after the larger dose in 2 minutes, and after the smaller dose 


in 4 minutes, and asphyxial convulsions followed by a few gasping respirations ushered in death. 
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Lamb 27, which received 0-5 mg. per kg., developed dyspnoea somewhat more gradually. ‘t 
became ataxic after 10 minutes and ‘‘went down’’ during the thirteenth minute. After -1 
minutes the respiration was gasping, and had almost ceased after 43 minutes. Opisthoto: »s 
developed with a convulsion which was probably asphyxial. An attempt was made to prol: ig 
life by artificial ventilation, but death occurred at 57 minutes. During the last 7} minutes ie 
pulse in the carotid was extremely feeble and irregular, and the respirations consisted of o 
sional gasps. In none of these three animals was there any oedema of the lungs and the yp: 
mortem findings were those of acute cardiac failure. 


TABLE 1. 


Effects of Intravenous Injection of Toxin in Unanaesthetized Lambs, 


Dose of Time of Time at 
No. of toxin onset of which death 
Lamb. (mg./kg.). fits. oceurred. Remarks. 

25 7:7 — 44 min. — 

26 2-2 — oe _ 

27 0-5 nes ee ~ 

28 0-38 — _, er Haemorrhagic oedema of lungs. 

40 0-2 — ar Haemorrhagic oedema of lungs. 

47 0°13 95 min. — Spinal section—destroyed after 4 hours. 

63 0°13 120 ,, 3 hr. 10 min. No oedema of lungs—small percardial 
effusion — multiple haemorrhages in 
heart. Signs of acute heart failure. 

42 0-12 oe . 4hr. 20 min. Haemorrhagie oedema of lungs—pleura! 
and pericardial effusion. 

43 0-12 125 ,, 3 hr. 28 min. No oedema of lungs and no effusions. 

45 0-12 234 ,, 6 hr. 14 min. Spinal section, no oedema of lungs and 
no effusions. 

36 0-1 1638 .. 3 hr. 17 min. Haemorrhagie oedema of lungs and 
pleural and pericardial effusions. 

38 0-1 — 7 hours Haemorrhagic oedema of lungs and 


pleural and pericardial effusions. 


Lambs 28 and 40, which received 0°38 and 0-2 mg. per kg. respectively, developed extremely 
rapid respiration in 54 and 7 minutes. Lamb 28 became ataxic in 12 minutes and ‘‘ went down’’ 
in 14 minutes. Between 16 and 22 minutes there were kicking movements which may have been 
ineffectual struggling to get up. There was strong dyspnoea after 15 minutes, with overaction 
of the alae nasi, and the heart beat was irregular. There were no definite convulsions. After 
51 minutes the respiration became irregular and gasping. Death took place with oedema of the 
lungs and the characteristic appearances of heart failure were also present. Lamb 40 developed 
ataxia rather more slowly, in 23 minutes. The dyspnoea increased until 36 minutes, and after 
41 minutes respirations suddenly ceased and some convulsive movements occurred. There were 
extensive haemorrhagic oedema of the lungs, gross subendocardial haemorrhages in the ventricles, 
particularly the left, and fluid in the pleural spaces. 


Though there was some variation both in the times and even in the order of 


occurrence of the manifestations of toxaemia, a general account will serve to de- 
scribe the picture in animals receiving 0-1 to 0-13 mg. per kg. The first signs of 
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illness are uneasiness and arching of the back with the feet gathered close under 
the animal. There is frequently a tendency to yawn with eversion of the upper 
lip. Soon there is difficulty in standing, the lamb retaining its posture by widen- 
ing its base of support. Sometimes an increase in the depth and frequency of re- 
spiration is associated with this effort, but an increase in the respiratory rate 
independent of this usually occurs before the ataxia is noted, and frequently there 
is a brief pause during each expiration which is very characteristic. 

Tremors appear usually first in the fore limbs, and then in the hind limbs, and 
shortly become general. Most of these changes develop gradually during the first 
hour after the injection. At first, despite its disabilities, the animal is alert and 
interested in its surroundings, but gradually the head and ears droop, and the 
lamb appears rather dejected and loses interest in what is going on about it. The 
‘goes down’’, and there is usually a period during which it gets up 
when stimulated and goes down again, until finally it can no longer get up. The 
lamb may first assume the sternal decubitus, but soon it is lying on its left side 
with its head on the ground. During this period, shortly before the onset of con- 
vulsions, there are certain signs which suggest that these are imminent. The neck 
becomes arched and the animal develops strong opisthotonos. There may be ever- 
sion of the upper lip, champing of the jaws, twitching of the facial muscles, and the 
forelimbs are extended. By this time dyspnoea is a striking feature with over- 
action of the alae nasi and accessory muscles of respiration. In some lambs the 
respirations were relatively slow, 40 p.m. (normal, 12-20), and deep, in others 
they were irregular, with groups of rapid respirations and periods of less frequent 
respiration (mean 50-100 p.m.). In some animals they were very fast and shallow 
(160-180 p.m.). Up toa relatively short time before the onset of convulsions the 
response to stimuli is not greatly impaired. The lambs respond to loud noises, to 
flashing a torch in their eyes, or to touch on the flanks and inner surface of the 
pinnae. 

The convulsions first oceur at intervals of variable length, but usually soon 
become continuous. In the fits the sheep lies on its side, the fore limbs are rigidly 
extended and the hind limbs flexed or extended and abducted ; the head is gradu- 
ally thrown back until a position of extreme opisthotonos is reached (Fig. 3). At 
the onset there is a lateral or rotatory nystagmus and the muscles of the face com- 
mence to twitch. Throughout the fit there are strong grinding movements of the 
jaws, with accumulation of frothy saliva around the lips. The period of rigidity 
of the limbs is quickly followed by strong running movements, often moderately 
well co-ordinated. The individual fits may last from 2 to 24} minutes, and the re- 
spirations are often suspended during the tonic phase. During the fits the corneal 
and pupillary reflexes are not abolished. 

During the premonitory phase before the onset of convulsions, fits can some- 
times be precipitated by stimulation, such as flashing a bright light in the eyes, or 


animal now 
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flexing the rigidly extended neck. In one animal the onset of convulsions was pre- 
cipitated by the attempt to get up. 

In some animals the fits continued until a short time before death, and in 
others there was a relatively long quiet period before the fatal event. During this 
quiescent period there was often loss of tone in the muscles of the limbs and the 
reflex responses were diminished. 





Fig. 3. Photograph of lamb showing typical opisthotonos and extensor spasm during the 
first minute of a convulsion which lasted 2 minutes. 


Lamb 38 exhibited no convulsions. The early manifestations of toxaemia were similar to 
those just described. During the first hour the animal was uneasy and yawned, and exhibited 
ataxia and tremor. During the second hour the respirations became rapid and irregular with 
overaction of the alae nasi, reaching a rate of 140 p.m. By the end of this time it was very 
drowsy. During the third hour the lamb was down most of the time, having lost a good deal of 
tone in its limbs, and being almost unable to stand. However it ruminated frequently for long 
periods. During the fourth hour, although down, it managed to crawl about on its carpi with the 
hind limbs partly extended, displaying a certain amount of interest in its surroundings. The 
respirations were deeper and slower (26 p.m.). During the remaining period it was lying on its 
left side, was increasingly drowsy, with progressive loss of tone in its limbs. 

The post-mortem findings in this group of animals are indicated in Table 1. Lambs 42 and 36 
had extensive subendocardial and subepicardial haemorrhages, particularly in. the left ventricle ; 
lamb 38 had only slight subepicardial haemorrhages. There were no gross haemorrhages in the 
hearts of lambs 43 and 45. The pleural effusions which coagulated very readily ranged in amount 
from 20 to 90 ¢.c. in the left from 10 to 30 ¢.c. in the right pleural space, and the pericardial 
effusions from 10 to 50 ¢.ec. Haemorrhages in the cortex of the suprarenal were observed only 
in lamb 36. 
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Biochemical Changes. 


It seemed possibie that the fits observed after the injection of this toxin might 
e explained by the development of hypoglycaemia or hypocalcaemia, or might 
be uraemic. Miss Beryl Splatt, of the Walter and Eliza Hall Institute, has made 
a few observations for us on the sugar, calcium and urea content of the blood of 
an unanaesthetized lamb, and of another under nembutal anaesthesia, both of 
which had received less potent toxin (not purified by reprecipitation by aleohol). 
Chis was given in a dose only slightly in excess of the M.L.D. It will be seen that 
these observations agree very well with those of Gordon, Stewart, Holman and 
Taylor (1940). 

In an unanaesthetized lamb, the blood sugar before the injection was 65 mg. p.c. and rose in 
30 minutes to 86, in 60 minutes to 115, in 80 minutes to 182, in 100 minutes to 226 and in 120 
minutes to 263 mg. p.c. Death took place in 2 hours 46 minutes. In a lamb under nembutal 
anaesthesia the blood sugar before the injection was 99 mg. p.c. Twenty-five minutes after the 
injection of toxin it had risen to 139, in 45 minutes to 219, in 60 minutes (just before death) to 
320 mg. p.c. It will be noted that the basal blood sugar was higher in the animal under nembutal 
anaesthesia. Both lambs showed progressive rise which had already reached a level of 220 mg. p.c. 
before convulsions occurred. 

The blood calcium in both these animals underwent a slight fall during the course of the 
toxaemia. It was 11 and 10-8 mg. p.c. respectively before the injection and fell to 10 mg. p.e. 
just before death. 

In the unanaesthetized lamb the blood urea level was 35 mg. p.c. before the injection, rose to 
48 mg. after two hours and fell to 41 mg. ten minutes before death. 

Since the excessive dyspnoea suggested the possibility of over-ventilation, it 
seemed desirable to ascertain what change took place in the alkali reserve. 

In lamb 43 before the injection of toxin the alkali reserve was 53 p.c.; 55 minutes after the 
injection of toxin it had fallen to 46-6 p.c.; 125 minutes after the injection, when the animal 
was convulsing strongly, the alkali reserve had fallen still further to 33 p.c. The fall was con- 
tinued, reaching 26 p.c. at 178 minutes, half-an-hour before death. 


The possibility remained that the fits were asphyxial in origin, and to explore 
this we observed the oxygen content of samples of blood taken by arterial puncture. 
The occurrence of oedema of the lungs led us to expect that some degree of 
anhydraemia would be produced by the toxin. It was therefore necessary to deter- 
mine the oxygen-carrying capacity of the blood at the commencement of the ex- 
periment and to calculate its value at different stages from repeated determination 
of the haemoglobin percentage. 
Some observations on lamb 42 are given in Table 2. Before the injection of toxin the oxygen- 
carrying capacity of the blood was 19-2 p.c. and the remaining figures given in this column are 


calculated. It will be observed that 97 minutes after the injection and a few minutes after the 
occurrence of the first fit, which lasted for one minute, the percentage saturation had fallen from 
92-7 p.c. to 82-2 p.c. Part of this fall is probably attributable to the convulsion, which cannot 
have been asphyxial. Artificial ventilation with the addition of oxygen to the air, in this as in 
several other experiments, had no effect upon the convulsions, and the subsequent administration 
of a mixture of 97 p.c. oxygen and 3 p.c. carbon dioxide was also without effect. The progressive 
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fall in the percentage saturation of the blood was determined in part by the increasing anly 
draemia and in part by the frequently occurring fits, which after 176 minutes became continuou 
and which were attended by grave interference with respiration. The commencement of artifici 
ventilation had little effect on the oxygen saturation, probably because haemorrhagic oedema 
the lungs made adequate oxygenation impossible. 


TABLE 2. 


Changes in Haemoglobin Percentage and Oxygen Content of the Blood during 


Toxaemiu. 
Percentag 
Time. Haemoglobin. Oy-capacity. O.-content. saturatio: 
Before injection 77 19-2 17-8 92-7 
97 min. after injection (8 min. after 99 24-7 20-3 82-2 
onset of first convulsion) 
160 min. after injection 103 25-7 19-2 74°7 
212 min. after injection (23 min. after 121 30-0 20-1 67-0 
artificial ventilation) 
251 min. after injection 129 32-2 16-9 52°5 


The occurrence of continuous convulsions was not always accompanied by anhydraemia. In 
lamb 43, for example, the initial haemoglobin was 87 p.c. Fifty-five minutes after the injection 
of toxin the haemoglobin percentage had risen to 90, and after a long period of convulsions 
187 minutes after the injection it had reached only 92 p.c. In this animal there were a few 
haemorrhages in the lungs but no oedema and no fluid in the pleural and pericardial cavities. 


2. Cardiovascular Effects of the Intravenous Injection of Toxin in Anaesthetized 
Ammals. 


In lambs anaesthetized with chloralose, with the vagi divided and under arti- 
ficial ventilation, the toxin injected intravenously in doses of from 0-2 to 5 mg. 
per kg. caused a moderately steep fall of systemic blood pressure, commencing 20 
to 30 seconds after the beginning of the injection. The heart-beat was accelerated 
and the blood pressure again rose steeply, often to a great height, within 2} to 5 
minutes. This rise was only transitory, and the blood pressure returned to a 
normal level, or after the larger doses fell gradually or steeply as the heart finally 
failed. Corresponding to the initial fall in systemic blood pressure there was a 
sharp rise in the pressure in the pulmonary artery, which quickly fell again but 
never quite reached its normal level until just before the final fall of blood pressure 
at death. 

In four experiments we injected an over-neutralized dose of 0-5 mg. of toxin 
per kg., and in all observed in greater or less degree the early changes in systemic 
blood pressure described above. In these lambs however the blood pressure re- 
turned to normal within a few minutes and was well maintained for from 1 to 23 
hours, when the animals were killed by bleeding out and no pathological changes 
were observed at autopsy. It is clear therefore that these initial changes in blood 
pressure—apart from the final heart failure, which may occur rapidly after large 
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doses, or the development of pulmonary oedema—cannot be ascribed to the toxin 
but must be attributed to the presence of a non-antigenic impurity. 


The large rapid rise in systemic blood pressure accompanied by acceleration of the heart 
rate resembled the effect of an output of adrenalin. We therefore sought to obtain evidence 
of this by the injection of toxin directly into the arterial supply of the suprarenal glands. In two 
experiments in which we injected 10 and 20 mg. respectively of toxin into the cut stump of the 
superior mesenteric artery of the eviscerated lamb, we did not observe any effect on the general 
blood pressure except a trivial fall with the smaller dose. It is of some interest to note that no 
output of adrenalin is caused in the eviscerated lamb by the intra-arterial injection of histamine 
in doses up to 1 mg. In these experiments we demonstrated that our injections had reached 
the glands by a final injection of india ink which itself caused an output of adrenalin. The effect 
of 1 mg. histamine was to cause a profound fall in systemic blood pressure from which, in one 
case, recovery was obtained only by the injection of adrenalin. 


The presence of this non-antigenic pharmacologically active impurity made 
it impossible to analyse fully the cardiovascular effects of this toxin in the sheep. 
The intravenous injection of doses of toxin of 0-12 or 0-13 mg. per kg. was without 
any immediate effect on the blood pressure, and death after these small doses took 
place after too long a time (two to six hours) to permit of the investigation of 
changes of pressure in the pulmonary artery which almost certainly accompany 
the onset of pulmonary oedema. In some of our earlier experiments with toxin of 
low potency we observed early changes in the blood pressure similar to those we 
have described, and found in two experiments that they were attended by a rise 
of the pressure in the jugular vein. This was, however, not maintained but fell as 
soon as the arterial blood pressure returned to its former level. In these experi- 
ments we also observed that when the blood pressure fell at death after two or more 
hours there was a sharp rise in the venous pressure. It is worthy of note that in 
two unanaesthetized lambs (Nos. 42 and 44) which had received 0-12 mg. per kg. 
and in which the blood pressure was recorded shortly before death (four hours 
after the injection) the blood pressure was high (140 mm. Hg. in one, 90 mm. Hg. 
in the other), and was well maintained until death a few minutes later, when it 
fell rapidly. 

In view of the results of injection in rabbits and eats, in which a period of 
high blood pressure frequently followed the injection of the toxin, it was of in- 
terest to see if in the sheep also there was peripheral vaso-constriction when the 
toxin was injected into a femoral artery through the cut stump of the profunda 
femoris. In one experiment we found that the injection of 1-6 mg. of toxin (0-26 
mg. per kg.) caused within 45 seconds a strong vaso-constriction in the limb, which 
was overcome when the blood pressure rose after three minutes presumably from 
general vaso-constriction. 

Apart from the changes observed immediately after the injection of toxin, which were 
probably related to the action of the non-antigenic impurity, electrocardiograms showed sur- 
prisingly few changes, despite the gross haemorrhages found in the heart at autopsy. The 
immediate effects after doses of 1 mg. per kg. were the development of bradycardia and a very 
large inverted T in all three leads. These changes coincided with the initial fall of blood pressure 
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and disappeared as the blood pressure rose sharply. After a dose of 0-2 mg. per kg. (lamb 37 
which caused only a small fall of blood pressure bradycardia did not oceur and the only abnorma! 
ity was transient inversion of the T wave. 

After these initial effects had passed off there were no obvious abnormal changes in th 
electrocardiograms until just before death. Among the late changes heart block was one 
observed, but the artificial ventilation was inadequate, the blood was dark and the block wa 
clearly asphyxial. Apart from this there were no changes in conduction, the P-R interval re 
maining normal. The terminal picture was eitner an extreme bradycardia or ventricular fibrilla 
tion. 

In one experiment (lamb 34) during the last few minutes before death the T wave becamy 
inverted in lead 3 and biphasie in lead 2; an extreme bradycardia then developed and persisted 
till death. In another experiment after the injection of a less potent toxin in a dose which caused 
death in two hours, there was terminal R.S.T. deviation, inversion of the T wave and finally 
paroxysmal ventricular tachycardia. In this animal 30 ¢.c. of fluid were found in the pericardium 
at autopsy. The onset of fibrillation in the ventricles was observed through the open thorax in 
lamb 31. 


3. Analysis of the Neurotoxic Effects. 


Some of the manifestations of toxaemia in unanaesthetized lambs, particularly 
after doses of 0-1 to 0-13 mg. per kg., can only be attributed to direct action of the 
toxin on the nervous system. The loss of tone in the musculature and the ataxia, 
which occur while the blood pressure is still high, must be regarded as directly 
nervous effects, and so also are some of the changes in respiration. These present 
one feature that is suggestive of a directly nervous origin, namely, the occurrence 
of a brief pause early in expiration. The dyspnoea which occurs in most animals 
two hours or more after the intravenous injection of these small doses of toxin may 
possibly be caused by the development of acidosis or by the onset of pulmonary 
oedema or of pleural and pericardial effusions, and some of the early respiratory 
effects may be due to changes of blood pressure acting upon the sinus caroticus. 

The dominant features in the clinical picture, namely, the premonitory signs 
of the convulsions and the convulsions themselves, during which the corneal and 
pupillary reflexes remain intact, are suggestive of an action on specially susceptible 
parts of the nervous system. Although removal of the motor areas of the cortex 
of the sheep on one side does not cause motor disturbance (Simpson and King, 
1911; Bagley, 1927), this does not preclude the possibility that the convulsions 
may originate from stimulation of the cortex. We infiltrated the right motor 
area of a lamb with a local anaesthetic without interfering with the convulsive 
movements. 

A lamb was anaesthetized with ether and the right motor cortex was exposed by removal of a 
large area of bone. The dura was left intact and the skin flap replaced. When the animal had 
recovered from the anaesthetic, toxin was administered intravenously in a dose of 0-13 mg. per kg. 
Convulsions began 165 minutes later. The dura was now opened and the motor area of the cortex 
was infiltrated with 0-2 ¢.c. of an 0-5 p.e. solution of ethocaine. Subsequently we destroyed 
by cauterization a large area of cortex behind as well as in front of the cruciate suleus. Neither 
procedure caused any impairment of the convulsive movements. 
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TABLE 3. 


Effects of Intravenous Injection of Toxin in Decerebrate Lambs. 


Mean 
Blood Pressure 
in mg. Hg. 


No. of 


Z ¢ 8 g 

= na es = 

& xc} = = ° 

4 5% GS Time of 

2 Rigidity. Respiration. 2 my S = 4 Convulsive Movements. Death. Remarks. 

44 None before Natural but 74 168 (3hrs.) On stimulation—kick- 4} hours Oedema of lungs. 

injection insufficient ing and galloping 
(24 minutes) movements (24 hrs.) ; 
spontaneous move- 
ments of all limbs 
from 34 hrs. to death, 
later movements ex- 
tensor in type (as- 
phyxial). 

54 Good (18 Natural 110 130 (2}hrs.) Spontaneous with- 2hrs. 50 No oedema of lungs, 

minutes) (24 hrs.) drawal of fore limbs minutes 
(1 hr. 40 min.) ; run- 
ning movements (24 
hrs.). 

50 Good (28 — oa -- Extensor kicking (1 1 hr. 57 Haemorrhagic 
minutes) hr. 50 min.). minutes oedema of lungs. 

71 Good (16 Dyspnoea 1440 — Kicking (71 min.) ; vig- 1 hr. 19 Oedema of lungs. 
minutes) (54 minutes) orous asphyxial fits minutes 
slight (75 minutes). 
opisthotonos 

61 Good (2min.) Unable to 78 140 (24hrs.) Slight extensor kicking 5 hrs. 50 No oedema of lungs. 

breathe (2 hrs. 50 min. to minutes 
(74 min.) 3 hrs. 4 min.). 

62 Poor (15 Dyspnoea 75 140-180 Extensor thrusts and 5 hrs. 48 No oedema of lungs, 

minutes ) (3 hrs. 20 min.) (54 hrs.) tail wagging (4 hrs.). minutes blood in CS.F. 
Continuing with down to 4th cer- 
strong rigidity—opis- vical segment. 
thotonos and exten- 
sor kicking towards 
death, after stopping 
artificial ventilation 
(3 hrs. 20 min.). 

65 Good (10 Natural but 75 «200 Extensor spasms, opis- 2 hrs. 36 No oedema of lungs, 
minutes) inadequate thotonos, kicking minutes 40 ¢.c. pericardial 

(145 min.) movements of all legs effusion. 
(75-123 minutes). 

68 Good (25 Natural but 83 135 Exaggerated stepping ae Bled out at 5 hrs. 9 

minutes ) inadequate (94 min.) ; groups of min. No oedema 
20 p.m. 4 or 5 locomotory of lungs. Peri- 
(156 min.) movements (103-150 eardial effusion, 

minutes). 40 ec. 

69 Not good Dyspnoea 107 168 Spontaneous running 2 hrs. 23 No oedema of lungs, 
waited 2 hrs. (107 min.) movements (80 to 125 minutes no pleural effu- 
for injection min.); opisthotonos sion. 

during later fits. 

70 Poor (25 Natural 100 122 Stepping movements of 4 hrs. 30 No oedema of lungs. 

minutes ) (103 min.) hind limbs only (109-— minutes 


170 minutes), stretch- 
ing, tremors. Slight 
opisthotonos (212 
minutes). 
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We next studied the course of toxaemia in decerebrate preparations. After 
the operation extensor rigidity usually developed within about 20 minutes; the 
preparation was placed on the left side, and the left limbs showed greater rigidity 
than the right. In most preparations artificial ventilation was maintained through- 
out since the natural breathing tended to be irregular and inadequate. Of three 
control preparations observed for five to seven hours after section of the brain 
stem, one showed extensor spasms during the fifth hour, and natural respiration 
was still inefficient after 43 hours; one showed no spontaneous movements of any 
kind for seven hours, and breathed naturally and adequately during the last hour ; 
the third showed spontaneous stepping movements during the fourth hour. 

In the experimental preparations toxin (0-12 or 0-13 mg. per kg.) was in- 
jected intravenously in most, half-an-hour after transection of the brain stem. 
Some of the observations in these experiments are summarized in Table 3—the 
times in brackets in all columns except the second being taken from the time of 
injection. 

In these experiments five types of spontaneous movements of the limbs were observed. 
‘*Stepping movements’’ chiefly of the hind limbs consisted of rhythmie alternate slight flexion 
and extension of opposing limbs. In ‘‘exaggerated stepping’’ these movements were greatly 
increased in amplitude and a further increase in amplitude and rate converted them into ‘‘ running 
movements’’. There were two forms of movement which were predominantly extensor. In one 
there was a slow stretching movement of all or any of the limbs and in the other a similar stronger 
thrusting movement which was more rapid and which was preceded by more obvious flexion. We 
have described this as ‘‘ extensor kicking’’. 

All the spontaneous movements of the limbs observed in 50, 71 and 62 and the 
terminal convulsive movements in 44 were asphyxial in origin. Those in 50, 71 
and 44 were probably caused by oedema of the lung, and those in 62 occurred after 
allowing the animal to breathe naturally but inadequately, artificial respiration 
having been discontinued 3 hours and 20 minutes after the injection. Excluding 
these, all the remaining animals exhibited some spontaneous movements of the 
limbs commencing 75 to 150 minutes after the injection. None, however, showed 
the typical toxin convulsions. Despite the presence of eyelid reflexes and of re- 
spiratory movements of the alae nasi, and occasionally of the jaws when the arti- 
ficial ventilation was temporarily discontinued, none showed any spontaneous 
movements of the muscles of the face or jaws. Only three (44, 54 and 69) showed 
running movements of the limbs. These were not so well co-ordinated as in the 
convulsions in the intact lamb. Three (65, 69 and 70) gave some degree of opis- 
thotonos during the modified convulsions. 

During the third hour after toxin there was in several experiments some loss 
of tone in the limbs and the reflex responses to light pressure on the tendo Achilles, 
and to pressure between the pads of the fore-limb were impaired. These variations 
in tone and in reflex responses occurred somewhat irregularly while the blood 
pressure was still high, and were probably attributable to action of the toxin on 
the central nervous system. 
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One other point of interest was the occurrence of a prolonged period of high 
biood pressure after the injection of toxin. The highest levels were sometimes 
reached during spontaneous movements, though these were frequently associated 
vith a fall of blood pressure. 

We also sought to ascertain what part might be played by the spinal cord in 
originating such movements. In two lambs we ligated the cord at the level of the 
eighth thoracic segment and, after allowing two hours for recovery from the an- 
aesthetic and from spinal shock, toxin (0-12 or 0-13 mg. per kg.) was injected. 
Within 35 minutes of the operation reflex responses could be obtained in the flaccid 
hind limbs, and there was some recovery in their tone before the injection. Con- 
vulsions developed in 234 and 95 minutes respectively. The spontaneous move- 
ments of the fore-limbs and of the face and the development of opisthotonos were 
typical, but despite the fact that good reflexes could be obtained from the hind 
limbs, no spontaneous movements were observed in them. These results made it 
clear that the stimulating action of the toxin was not upon the anterior horn cells 
but upon a higher level in the central nervous system. 

The toxin, however, was not wholly without effect upon the distal portion of 
the animal, since in the course of the toxaemia the improvement in tone of the hind 
limbs which occurred as spinal shock passed off was not maintained, and the re- 
flexes in the hind limbs were not so easily elicitable towards the end of the experi- 
ment as in the early stages before the onset of convulsive movements. It seemed 
possible therefore that the toxin might have some effect either on the isolated distal 
cord, on conduction through nerves, or on the sensory or motor endings. 

Tn one animal (lamb 52) under ether anaesthesia we exposed a sciatic nerve and ascertained 
that the peripheral muscles of the limb gave a good response to faradic stimulation with an 
average separation of the coils of 29 em. Convulsions commenced 108 minutes after the injection 
of toxin, and when the sciatic nerve was again tested three hours after the injection, the innervated 
muscles gave a good response at 28 em. separation of the coils. The occurrence of loss of tone 
in the limbs cannot therefore be related to interference with conduction in the motor nerves or 
damage to the motor endings. 

We also sought histological evidence of the site of action of the toxin in the central nervous 
system. The brains and spinal cords of four lambs were sectioned and examined for us by 
Dr. E. Graeme Robertson. Two of these were controls, one anaesthetized with nembutal and one 
unanaesthetized, and both were killed by bleeding out. In the two experimental lambs death 
from toxaemia was produced in between 24 and 3 hours. Both frozen and celloidin sections of 
the cortex, basal ganglia, brain stem and spinal cord at various levels were examined, but no 
changes caused by the toxin could be discovered. 


C. EXPERIMENTS ON RABBITS. 


1. Effects of Intravenous Injection on Unanaesthetized Animals. 


The results of the injection of doses ranging from 1 mg. to 0-056 mg. per kg. 
are summarized in Table 4. 
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TABLE 4. 


Effects of Intravenous Injection of Toxin in Unanaesthetized Rabbits. 


Time to first 
failure of Time to 


No. of Dose __ respiration death 
Rabbit. (mg./kg.). (minutes). (minutes). Post-mortem Findings. 
9 1 2 9 Acute oedema of lungs. 
2 0-7 4} 73 No oedema of lungs, heart distended with blo« 4, 
liver engorged. 
4 0-28 11 12 No oedema of lungs, heart distended with blo: 
liver engorged. 
6 0-28 104 114 No oedema of lungs, heart distended with bloo |, 
liver engorged. 
11 0-13 11 67 Haemorrhagic oedema of lungs, heart distended 
with blood, liver engorged. 
12 0°13 114 13 Oedema of lungs, heart distended with blood, 
liver engorged. 
13 0-1 25 25 Haemorrhagic oedema of lungs, heart distended 
with blood, liver engorged. 
19 0-08 35 35 No oedema of lungs, heart distended with 
blood, liver engorged. 
20 0-07 180 180 Haemorrhagic lungs with some oedema. Heart 
distended with blood, liver engorged. 
10 0-056 -- Survived _ 


The difficulty of determining the cause of death from the clinical manifesta- 
tions of toxaemia is well illustrated by these experiments. We have taken as the 
criteria of death failure to palpate the heart-beat and to elicit the corneal reflex. 

In the animals which received doses ranging from 1 mg. to 0-13 mg. per kg. respiration 
failed, but the heart continued to beat for a minute or more. In rabbits 2, 9 and 11 respiration 
recommenced, though, except in rabbit 11, death was not long delayed. In rabbit 9 failure of 
respiration was accompanied by convulsions. Respiration recommenced, being shallow and rapid, 
and continued till the onset of acute pulmonary oedema, frothy fluid pouring from the nostrils 
at 74 minutes. In rabbit 2 there was slight dyspnoea within a minute of the injection; in 3} 
minutes it collapsed and went into convulsions and the corneal reflex disappeared; at 44 minutes 
respiration had ceased but the heart could still be felt beating. At 5 minutes there were occa- 
sional ineffective respirations, and 45 seconds later the breathing had become shallow and rapid 
and a faint corneal reflex was elicited. At 64 minutes the animal was still in a state of extreme 
flaccidity and at 7} minutes there was a terminal opisthotonic spasm. In rabbits 2, 4 and 6 the 
findings at autopsy were consistent with death from acute cardiac failure. In rabbit 6 at death 
faradiec stimulation of the phrenie nerves at 38 to 48 em. separation of the coils caused strong 
contractions of the diaphragm. In all these animals there was striking loss of tone in the 
musculature before failure of respiration. In rabbit 12 the order of events was similar and the 
heart was felt beating strongly after respiration had failed. When the beat could no longer be 
felt the thorax was opened and the auricles and ventricles were seen to be fibrillating. 

Rabbit 11, which also received 0-13 mg. per kg. illustrates partial recovery from the severe 
initial effects of the toxin. It became dyspnoeic within one minute after the injection. The 
respirations were rapid and shallow with striking overaction of the alae nasi, but failed tem- 
porarily 11 minutes after the injection. After recovery from this failure the dyspnoea was 
increased. Twenty minutes after the injection the respirations changed from a rapid shallow 
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pe to a deeper slower abdominal type, which persisted until death. The initial failure of respira- 
on was attended by a transitory cyanosis and loss of the corneal reflex, but after recovery 
anosis again developed, commencing at 174 minutes and persisting till death in 67 minutes. 
“he corneal reflex remained active until the end. These changes were accompanied by loss of 
tone of the muscles, Ten minutes after the injection the head began to droop, the animal lay 





Pig. 4. Records of blood pressure from a carotid artery (lower tracing) and jugular vein 
(upper tracing) of a rabbit weighing 2-4 kg. under chloralose anaesthesia, with the vagi divided 
and artificial respiration. At the arrow, 1-7 mg. toxin injected intravenously. Time in half 
minutes, 


on one side, and the hind limbs lost their tone. When stimulated the rabbit was able to struggle 
into the prone position by means of its fore limbs until the thirteenth minute, when these muscles 
also lost their tone. The muscles in the neck had become flaccid after 25 minutes. Shortly before 
death faradic stimulation of the sciatic nerve with 30 em. separation of the coils gave good con- 
traction of the muscles of the limb. Moist sounds were first heard over the lungs 38 minutes 
after the injection. 

The animals which received smaller doses all exhibited dyspnoea early, the respirations, at 
first rapid and shallow, became slow and deep, and there was a gradual loss of tone in the 
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musculature. Death took place from oedema of the lungs and heart failure, except in rabbit 19 
in which it was caused by cardiac failure. 


2. Cardiovascwar Effects of the Intravenous Injection of Toxin in Anaesthetize: 
Animals. 


These were studied in rabbits weighing from 2 to 3 kg. under chloralose an 
aesthesia and artificial ventilation, and in which both vagi had been divided. Th 
toxin was injected into an ear vein in a dose of 0-7 mg. per kg. The effects of suc! 
injections on the systemic arterial pressure, on the pressure in the jugular vei) 
and on that in a pulmonary artery and vein are shown in the records of experi 
ments on three animals in Figs. 4 and 5 A and B. The injection was followed by 
a trivial rise in the mean systemic arterial pressure, which gave place to a sharp 
fall in pressure and a diminution in the extent of the pulse. Reeovery from this 
took the form of a steep rise with an increase in the heart rate suggestive of an 
output of adrenalin. The arterial blood pressure now fell more gradually, death 
taking place 13 to 25 minutes after the injection. The accompanying changes in 
venous pressure are shown in Fig. 4. During the initial fall of systemic arterial 
pressure there was a rise in the venous pressure; the venous pressure fell during 
the period of recovery of the systemic arterial blood pressure, but rose again gradu- 
ally during the terminal fall of blood pressure. 

Fig. 5 shows the changes in the pressure in the pulmonary artery which 
accompany those in the general blood pressure. The initial rise and fall in the pres- 
sure in the carotid artery are attended only by a slight fall in the pressure in the 
pulmonary artery. This initial fall in the general blood pressure is therefore not 
caused by vaso-constriction in the pulmonary circulation. When the carotid blood 
pressure again rises there is a rise in the pressure in the pulmonary artery which 
is well maintained even when the heart is finally failing, and must be attributed 
in part to vaso-constriction in the lung. In this experiment, just before the heart 
failed it went into block. The portion of the record from the pulmonary artery 
which shows a large pulse pressure marks this transient block (observed through 
the open thorax) which originated while the systemic blood pressure was high and 
the blood well oxygenated. Transient heart block was several times observed dur- 
ing the recovery of systemic blood pressure after the initial fall. Fig. 5B shows 
the changes in pressure in a pulmonary vein after injection of the toxin. These 
changes, which are virtually those in the left auricle, are slight apart from a tran- 
sient rise in pressure which occurred when the initial fall of systemie blood pres- 
sure was taking place. 

In three rabbits over-neutralized toxin (0-7 mg. per kg.) injected intra- 
yenously was without any effect on the blood pressure. The cardiovascular changes 
described above must therefore be regarded as specific effects of the toxin. 


The impurity which has so strong a cardio-depressant action in the sheep in doses of 0-5 mg. 
per kg. and upwards also has a similar action in the rabbit but only in larger dosage. In one 
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Fig. 5. Upper Panel, A. Records of blood pressure from a carotid (lower tracing) and a 
pulmonary artery (upper tracing) of a rabbit weighing 2-4 kg. under chloralose anaesthesia with 
the vagi cut and artificial respiration. At the arrow, 1-7 mg. toxin injected intravenously. 

Lower Panel, B. Records of blood pressure from a carotid artery (lower tracing) and a 
pulmonary vein (upper tracing) of a rabbit weighing 2-5 kg. under chloralose anaesthesia with 
the vagi cut and artificial respiration. At the arrow, 1-75 mg. toxin injected intravenously. Time 
in half minutes. 
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rabbit in which 1 mg. per kg. of over-neutralized toxin was injected into the jugular vein th 
blood pressure fell from 95 to 50 mm. Hg. and only returned to normal after 20 minutes. 

The injection into the cut stump of the profunda femoris artery of toxin, i 
dose insufficient to cause immediate effects upon the systemic arterial blood pres 
sure (0:06 mg. per kg.), caused no significant diminution in outflow from th 
femoral vein, but the injection eighteen minutes later of twice the dose caused sig 
nificant diminution in outflow. The outflow of 2-1 ¢.c. per minute after a sligh 





Fig. 6. Record of the blood pressure in a carotid artery of an eviscerated rabbit weighing 
2kg. At the arrow, 0-7 mg. of toxin injected into the superior mesenteric artery. Time in half 
minutes. Details in text. 


increase lasting only a few seconds (volume effect ) began to fall within 30 seconds, 
and fell to 1-9 ¢.c. per minute at two minutes, to 1-65 ¢.c. per minute at four 
minutes and to 1-45 ¢.c. per minute at four-an-a-half minutes. At five minutes the 
blood pressure commenced to rise and the effect of the vasoconstriction in the limb 
was gradually overcome, the outflow reaching 1-9 ¢.c. per minute at 11 minutes. 
This peripheral vasoconstriction was shown to be a specifie effect of the toxin, for 
in a control experiment the intra-arterial injection of over-neutralized toxin (0-12 
mg. per kg.) was without any effect on the venous outflow from the limb. 

We attempted to ascertain whether the sharp rise of systemic blood pressure 
which regularly follows the initial depressor effect of the toxin, and which is at- 
tended by acceleration of the heart, could be attributed to adrenalin liberated from 
the suprarenal gland by the direct action of the toxin. A dose of 0-24 mg. (0-1 
mg. per kg.) was entirely devoid of effeet when injected into the cut stump of the 
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iperior mesenteric artery in an eviscerate preparation. A second dose of 1-2 mg. 
0-5 mg. per kg.) given after an interval of 23 minutes, was also without imme- 
liate effect on the arterial blood pressure, but death occurred with a sharp fall of 
jlood pressure in 73 minutes. In a second preparation an initial dose of 1-2 mg. 
0-5 mg. per kg.) caused a rise in the arterial blood pressure with accelerated 
heart-beat from 38 mm. to 74 mm. Hg. in 25 minutes. The blood pressure then fell 
io 60 mm. in 43 minutes but rose again to 114 mm. Hg. in 63 minutes. The anima! 
died 16 minutes after the injection. In a third experiment (Fig. 6) an initial 
dose of 0-7 mg. (0-35 mg. per kg.) caused a rise from 45 to 78 mm. Hg. in 23 
minutes. The blood pressure fell to 52 mm. in 45 minutes, and rose again to 90 
mm. in six minutes. Death occurred 15 minutes after the injection. These effects 
though caused only by relatively large doses of toxin are specific. In a control 
experiment in an eviscerate rabbit the injection of 0-77 mg. of over-neutralized 
toxin (0-35 mg. per kg.) caused only a very transitory rise of 8 mm. Hg. We 
showed by means of india ink that the injections reached the left adrenal gland 
instantly. 

It may be noted that the suprarenal glands of the rabbit are somewhat insen- 
sitive to the action of histamine. In one experiment a dose of ly injected intra- 
arterially was without effect ; 5y caused a very small rise of the carotid blood pres- 
sure from 73 to 78 mm. Hg.; 50y caused a rise from 72 to 83 mm. Hg. and 100y a 
rise from 83 to 105 mm. Hg. 

We studied changes in the electrocardiograms (lead 2) from rabbits, artifi- 
cially ventilated under chloralose anaesthesia and with the vagi cut, after the intra- 
venous injection of 0-5 to 0-7 mg. of toxin. The first change observed was the 
development of a large upright T within one to six minutes after the injection. 
Later there was R-S-T deviation from the isoelectric plane followed by brady- 
cardia, prolongation of the P-R interval and block which persisted till death. In 
one experiment there was terminal ventricular fibrillation. 

Fig. 7 illustrates these changes in an animal after the injection of 0-6 mg. per kg. This 
was the only animal in which the immediate cardio-vascular effects seen in Figs. 4 and 5 failed 
to occur after these large doses of toxin. Death took place in 45 minutes, and the electrocardio- 
graphic changes were slower in evolution than in any other experiments. A is the electrocardio- 
gram before the injection (mean blood pressure 96 mm. Hg.); B, 7 minutes after the injection 
(mean blood pressure 95 mm.), shows the large T wave; C (blood pressure 80 mm.) and D (blood 
pressure 76 mm.), 15 and 18 minutes after the injection, show R-S-T deviation. In E (blood 
pressure 90 mm.) 25 minutes after the injection there is an increase in the P-R interval; in F 


“) 


(blood pressure 52 mm.) at 314 minutes there is bradycardia with a further increase in the P-R 
interval, and in G (blood pressure 32 mm.) 3543 minutes after the injection block appears, which 
persisted till death. 

D. EXPERIMENTS ON CATS. 
Cardwo-vascular Effects of the Intravenous Injection of Toxin. 


The lethal dose of the toxin for this species lies between 2 and 8 mg. per kg. 


in an unanaesthetized animal a dose of 2 mg. caused no obvious symptoms, but 
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Fig. 7. Electrocardiograms (lead 2) from a rabbit weighing 2-6 kg. Details in text. 
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5 mg. per kg. given intravenously was invariably fatal in cats anaesthetized with 
hloralose and in one unanaesthetized cat. Death took place in from 7 to 20 
ninutes from acute pulmonary oedema. A dose of 4 mg. per kg. in the anaes- 
thetized eat was not so rapidly fatal. 

Fig. 8 illustrates the early changes in the carotid arterial pressure and in the pressure in a 
ulmonary artery after the injection of 4 mg. per kg. There was a small immediate transitory 
fall of systemic pressure caused by a trace of histamine-like impurity in the toxin. Within 





Fig. 8. Record of the blood pressure in carotid (lower tracing) and pulmonary (upper 
tracing) arteries of a cat weighing 2-6 kg. under chloralose anaesthesia, artificial respiration 
and with the vagi cut. At the arrows, 10-4 mg. toxin injected intravenously. Interval between 
the left and middle panels, 64 minutes, and between middle and right, 37 minutes. Time in half 
minutes. 


75 seconds there was a steep fall of systemic blood pressure with striking diminution of the 
pulse, which was preceded by a sharp rise of pressure in the pulmonary artery. Within 24 minutes 
the systemic blood pressure was recovering, the pressure in the pulmonary artery meanwhile 
gradually falling towards its former value. The steep transitory fall of systemic blood pressure 
was at least in part attributable to pulmonary constriction, insufficient blood reaching the left 
side of the heart. This figure also illustrates another characteristic feature of the action of this 
toxin in doses which are not immediately fatal, namely that the response to a second injection is 
invariably less than to the first. Fifteen minutes after the first injection, when the blood 
pressures had returned to levels not greatly different from their normals, a second dose of toxin 
gave a diminished response. 
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When, however, we injected doses of toxin (8 mg. per kg.) which had be 
overneutralized with antitoxin the early changes in the systemic blood pressu: 
and in the pressure in a pulmonary artery were similar, but, apart from the fa 
due to the histamine-like constituent, less in extent than those described aboy 
Recovery was rapid. In the large doses necessary to produce acute cardio-vaseul: 
effects in the cat the amount of active non-specific constituent renders impossib 
the analysis of the early cardio-vascular changes. 

We tested the possibility that the sharp recovery of blood pressure which f« 
lows the steep fall when 4 to 8 mg. per kg. toxin are injected intravenously wa 
eaused by adrenalin seereted by the suprarenal glands as a direct response to th 
action of the toxin. Toxin was injected into the stump of the coeliae axis in th 
eviscerated animal. Ina dose of 2 mg. in 0-5 ¢.e. of saline it was without effect o: 
the systemic blood pressure in a cat in which the intra-arterial injection of ly o1 
histamine in 0-5 ¢.e. saline gave a strong response. Doses of 4 to 5 mg. toxin ii 
other cats caused responses smaller than that to 0-5y of histamine, while 8 to 
9 mg. of toxin in further experiments caused within 15 to 18 seeonds a rise of 
blood pressure with a quickening of the pulse—a response somewhat less than that 
to ly histamine. In some experiments this dose of toxin caused a rise in systemic 
pressure commencing in 15 seconds and rapidly subsiding, followed by a secondary 
rise commencing after 90 seconds. We must attribute the response to these large 
doses of toxin to output of adrenalin because no such rise occurred if the supra- 
renals had been excluded from the circulation. In such a preparation ly histamine 
caused only a small fall of systemic pressure from which recovery ensued without 
any rise of pressure or acceleration of the pulse attributable to output of adrenalin. 
The intravenous injection into an intact animal of doses of this size could not have 
a direct effect upon the glands. 

We also studied the effect of the toxin on the vessels of the hind limb. Intra- 
arterial injections of doses too small to affect the systemic blood pressure caused a 
prolonged diminution of the venous outflow from the limb. An initial dose of 200y 
toxin in 0-5 ¢.c. in a eat weighing 3 kg. caused a trivial diminution in the venous 
outflow from the limb commencing in the second minute and persisting for 10 
minutes. The maximum change observed was from 3-4 ¢.c. per minute before the 
injection to 2-8 ¢.c. per minute during the eighth minute after the injection. A 
second similar dose 10 minutes after the first caused no significant change in the 
rate of flow. Neither dose had any effect on the systemie blood pressure. 

Larger doses, also without any effect upon the general blood pressure, caused 
severe and long-lasting constriction. In a eat weighing 2-2 kg. after an initial 
dose of 1 mg. of toxin the outflow in ¢.c. per minute fell from 3-6 to 2-6 in 23 
minutes, to 2-2 in 54 minutes, to 1-9 in 10 minutes and to 1-6 in 18 minutes after 
the injection. After 34 minutes the outflow from the limb was still only 2 ¢.c. per 
minute. In this preparation the vasodilator response to ly histamine was an al- 
most immediate increase in flow from 3-6 ¢.c. to 5-6 ¢.c. per minute and a return 
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to normal in 34 minutes. Half-an-hour after the injection of toxin the vasodilator 
response to the same dose of histamine was from 2-0 ¢.c. to 3-2 ¢.c. per minute. In 
a control experiment in a cat weighing 2-6 kg. the intra-arterial injection of 1 mg. 
‘f neutralized toxin was without effect on the systemic blood pressure, and caused 
no ehange in the venous outflow from the hind limb. 





DISCUSSION. 


After the removal of the histamine-like impurity from the toxin there re- 
mained yet another non-specific substance which had a powerful cardio-depressant 
action in the lamb and eat and to a less extent in the rabbit. In the lamb and rab- 
bit when the toxin was administered intravenously in doses not greatly in excess 
of the M.L.D. it had no immediate cireulatory effects. In the lamb and cat it was 
not possible to analyse fully the effects of larger doses upon the circulation, be- 
cause of the active non-specific impurity. 

In the rabbit moderate doses of toxin have a strong specific cardio-depressant 
action, which was also observed upon the atropinized guinea-pig preparation. It 
is not certain whether pulmonary vasoconstriction contributes to this effect, but 
the pressure in the pulmonary artery rises when the heart recovers, and is main- 
tained at a high level till the heart finally fails. The initial heart failure is usually 
attended by temporary failure of respiration. During recovery from the steep 
initial fall of systemic blood pressure, which is accompanied by a sharp rise of 
venous pressure, there is a steep rise of systemic pressure with rapid heart-beat 
suggesting an output of adrenalin, and the pressure is often maintained at a high 
level by peripheral vasoconstriction till the heart finally fails. Constriction in the 
pulmonary circulation and oedema of the lung may play a part in this terminal 
failure, during which the venous pressure rises steeply. The dominant feature of 
the circulatory action of this toxin in the rabbit is upon the heart as manifested by 


a ° ° ° ° 2 . 
the development of bradycardia, increase in the P-R interval and block of varying 
Y ; : 
degree. It is not clear to what extent these cardiac effects are caused by coronary 
S . . . * € . . 
F constriction, which was demonstrated by Nicholson (1934) in the isolated heart 


preparation. Part of the changes in conduction may well be attributable to libera- 
\ tion of adenyl compounds by injury to the heart cells (Kellaway, Trethewie and 
| Turner, 1940). 


> 
In the three species studied the intra-arterial injection of toxin into the fem- 
d oral artery caused a moderately prolonged diminution of venous outflow from the 
l limb. This effect was specific; it was produced in the eat by doses too small to 
° cause an effect on the general circulation, and in the lamb and rabbit by somewhat 
bs larger doses which caused a rise of systemic blood pressure within a few minutes 
. and thus overcame vasoconstriction in the limb. The vasoconstrictor effect had a 


short latency and developed gradually. It doubtless contributed to the high levels 
of blood pressure observed in most experiments in all three species after recovery 
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from the initial steep fall of blood pressure. These results exeluded peripher 
vasodilation as a contributory factor in the initial steep fall of blood pressure « 
served in all three species after the intravenous injection of the toxin in dosa; 
equivalent to several lethal doses. 

In the cat and lamb as well as in the rabbit the output of adrenalin which tak. s 
place during recovery from the initial severe cardiac embarrassment is not caus¢ | 
by direct action of the toxin on the suprarenals but must be determined by t 
discharge of impulses through the splanchnic nerves. In the lamb the toxin, even 
in large doses, injected into the arterial supply of the glands was without effe: 
and in the rabbit and cat the dose necessary to cause an output of adrenalin was 
far too large for an equivalent concentration to be reached in the glands after tle 
intravenous injection of the doses of toxin which cause the effect. The secondar) 
rise in systemic blood pressure which occurs when toxin is injected into the arterial 
supply of the suprarenals in the rabbit is also a specific effect, and must be attri- 
buted to peripheral vasoconstriction. 

When many times the lethal dose is injected intravenously in all three species, 
death takes place from acute cardiac failure to which the depressant impurity con- 
tributes. If the toxin is neutralized before injection there is severe cardiae em- 
barrassment from which recovery ensues after a variable period of greatly lowered 
blood pressure. 

Nicholson (1934) has shown that after the injection of a sub-lethal dose of 
toxin the intact rabbit develops a tolerance to larger and otherwise fatal doses. He 
aiso noted the occurrence of tolerance in the isolated heart of the rabbit. We have 
observed this phenomenon in the responses of the isolated jejunum of the guinea 
pig, of the vessels of the hind limb of the rabbit and eat, of the suprarenals to the 
injection of toxin into their arterial supply and of the vessels of the lung. The 
tolerance is therefore likely to be attributable to the same general mechanism 
affecting the susceptible tissues. The phenomenon is not peculiar to this toxin, 
but has been described for a variety of poisons and toxins including the toxins of 
Cl. welchti A, B and C, peptone, snake venoms and bee venom. 

The toxin has obvious effects upon the nervous system in the rabbit and the 
lamb. In the rabbit some of the manifestations of acute toxaemia which at first 
sight appear to be of nervous origin can be attributed with certainty to eardio- 
vascular effects. Such for example are the temporary failure of respiration and 
the collapse associated with the primary cardiae embarrassment and profound fall 
of blood pressure. On the other hand after the intravenous injection of toxin in 
doses not greatly in excess of a lethal dose the gradual development of ataxia, 
weakness and loss of tone in the skeletal musculature and change from a costal to 
a diaphragmatic type of respiration while the systemic blood pressure is still high 
can only be attributed to a direct effect upon the nervous system. This appears 
to be central rather than peripheral. 

We have described the clinical manifestations of toxaemia which oceur in 
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ambs after the injection of toxin in doses not greatly in excess of the M.L.D. and 
ave shown that they are predominantly of nervous origin. The convulsions and 
heir premonitory signs cannot be attributed to hypoglycaemia, hypocalcaemia, 
ilkalosis, uraemia or asphyxia, but must be regarded as resulting from the direct 
action of the toxin on the nervous system. It is unlikely that they arise by direct 
stimulation of the motor cortex, and they are certainly not caused by action on 
the anterior horn cells of the spinal cord. 

Decerebrate preparations in many of which some form of spontaneous move- 
ments were observed after the injection of toxin never gave typical convulsions, 
although a high percentage of intact lambs of this age group exhibit them after the 
injection of toxin. In decerebrate preparations convulsive movements of the 
face and jaws were always absent, though eyelid and pinna reflexes could be elici- 
ted and respiratory movements of the alae nasi and jaws were often observed. It 
may be suggested that absence of convulsive movements of the face and jaws is 
attributable to shock to nuclei adjacent to the plane of section or to the represen- 
tation of face movements at a higher level in the brain stem, except those asso- 
ciated with overaction of the respiratory centres. It would be expected that if 
genuine convulsions occurred in the decerebrate preparation they would be modi- 
fied by extensor rigidity. 

It seems likely that the main site of origin of convulsions lies anterior to the 
plane of the section, probably in the basal ganglia, but action by the toxin on the 
lower regions of the brain stem cannot be excluded. Evidence in favour of this is 
afforded by the early effect on respiration in the intact animal before the develop- 
ment of pleural and pericardial effusions or oedema of the lung, and sometimes in 
the entire absence of these changes. Furthermore directly paralytic effects upon 
the respiratory centres were occasionally observed, failure of respiration occurring 
before the heart ceased to beat and the corneal reflex disappeared. 

There is further evidence of a more widespread action of the toxin on the 
central nervous system in the occurrence of ataxia and loss of tone in the skeletal 
musculature. This does not depend either upon damage to the motor endings or 
upon impairment of conduction in peripheral motor nerves. 


SUMMARY. 


Toxin precipitated by ammonium sulphate contains two non-specific im- 
purities : a histamine-like and a cardio-depressant constituent. The former can be 
removed by precipitation with alcohol in the cold. 

The toxin causes specific contraction of the isolated jejunum of the guinea-pig 
with a short latency and a somewhat delayed relaxation. 

The dominant clinical feature after intravenous injection in lambs of doses 
slightly greater than the M.L.D. is the occurrence of convulsions produced by 
direct action of the toxin on the central nervous system—probably mainly upon 
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the basal ganglia. These doses have no early effects on the circulation. Death m: 
occur by failure of respiration, or by cardiae failure complicated by oedema of t! 
lungs, by pleural and pericardial effusions and anhydraemia. The effects of lar; 
doses on the circulation could not be analysed either in lambs or in eats owing * 
the presence of the non-specific cardio-depressant impurity. 

In the rabbit small doses (about 1 M.L.D.) were also without immediate effe: 
upon the circulation. The early clinical manifestations—ataxia and loss of musc: 
lar tone—are probably central in origin. Larger doses (10 M.L.D.) cause imm 
diate specific cardiac embarrassment from which recovery occurs by output « 
adrenalin through splanchnic stimulation and by peripheral vaso-constrictioi 
Death in both cases is by oedema of the lungs and cardiae failure. 

In the rabbit the toxin produces bradycardia, prolongation of the P-R interva| 
and block. 

The acquirement of tolerance to repeated doses of toxin was observed on the 
isolated jejunum of the guinea-pig, the vessels of the hind limb, the suprarenals 
and the vessels of the lung of the rabbit and eat. 
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The frequent occurrence of haemorrhages in the heart in lambs and of haemor- 
rhagic oedema of the lungs in lambs, rabbits and eats after the intravenous 
injection of the toxin of Cl. welchti, Type D (Kellaway, Trethewie and Turner, 
1940), indicates that this toxin causes severe injury to the tissues and is therefore 
likely to cause the liberation of histamine. 

Electrocardiograms from rabbits after intravenous injection of the toxin re- 
vealed grave changes in conduction, though no gross cardiac damage was detected 
(Kellaway, Trethewie and Turner, 1940). Though these might be explained by 
constriction of the coronary vessels, it seemed possible that this toxin, like cobra 
venom (Kellaway and Trethewie, 1940a), might cause the liberation of adenyl 
compounds whose local action might contribute to these effects. 

The toxin used in all these experiments was freed from most of its histamine- 
like impurity by precipitation with alcohol in the cold (Kellaway, Trethewie and 
Turner, 1940). 

METHOD. 


Our experiments on the liberation of histamine were performed on the perfused lung of the 
eat. The cats were anaesthetized with chloralose (12 ¢.c. of 1 p.c. solution per kg.) and the two 
apical lobes were set up on a paraffin block with the tracheal cannula dependent as described 
for the dog’s lung by Kellaway, Holden and Trethewie (1938). The perfusion rate was 1-4 
to 3 ¢.c. per minute. Toxin was injected in a dose of 50 mg. in 2 ¢.c. Tyrode solution into the 
cannula in the pulmonary artery and the flow was stopped for four minutes to allow contact 
of the toxin with the tissues. This method has some advantages since oedema fluid flows out 
through the trachea during the perfusion but it is difficult to secure uniform injection of toxin 
because the injection fluid does not so readily reach the periphery but tends to stay in the 
dependent portions of the lung. The perfusate and tracheal fluid were collected separately for 
15 minutes before and for successive periods of 5, 10, 15 and 30 minutes after the injection. 
Extracts were made as described by Feldberg and Kellaway (1937). In preparing them the 
portions of lung tissue used were squeezed dry between filter papers before weighing and grinding 
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up with sand in Tyrode solution. The extracts were at once boiled. In control extracts of th: 
lung, squeezing out the fluid involved no loss of histamine but after perfusion with toxin th 
tissue fluid squeezed out was rich in histamine; our values for the content of histamine in the lung 
after perfusion are therefore too low. Perfusates and extracts were assayed on the isolate: 
guinea-pig jejunum and the histamine present was expressed as dihydrochloride and not as bass 
The results were controlled by further assays on the blood pressure of the eviscerated atropinize: 
eat. 


The experiments on the liberation of adenyl compounds were done on the perfused liver o 
the rabbit and the perfused heart of the cat using the methods described by Kellaway and Trethewi 
(1940a). The extracts and perfusates were assayed on the atropinized guinea-pig heart prepara 
tion described by Drury, Lutwak-Mann and Solandt (1938), their cardio-depressant activity being 
matched with adenosine (B.D.H.). 


1. The Liberation of Histamine from the Perfused Lung of the Cat. 


Since we expected that the toxin would be less effective than cobra venom in 
causing injury to the lung we used a very slow perfusion rate. We had first to 
show that there was no detectable amount of histamine in the outflowing fluid from 
a lung perfused at this rate, and also that toxin in the dose used was without effect 
when neutralized with specific antitoxin. 

In such a control experiment the apical lobes of the lungs of a cat weighing 1-95 kg. were 
perfused with Tyrode solution at 3 ¢.c. per minute. There was a small amount of tracheal fluid 
but tests of this and of the perfusate collected during perfusion for 20 minutes were free of 
histamine and slow-reacting muscle stimulant substance (S.R.S.) (Feldberg, Holden and Kellaway 
(1938) ). We now injected 50 mg. of toxin which had been mixed with 2-5 ¢.c. of antitoxin 
one hour earlier and allowed the mixture to act for four minutes. Samples of perfusate col- 
lected during the ensuing two hours and the fluid draining from the lung when it was cut down 
at the end of the experiment were without effect on the gut. A portion of lung extracted at the 
end of the experiment contained 33y histamine per gram, and the control contained 307 histamine 
per gram. 

When toxin alone was injected into such preparations histamine appeared in 
the perfusate in considerable amounts and the content of histamine in the lung 
after perfusion was greatly diminished. We performed three such experiments 
with similar results; Fig. 1 represents graphically the output of histamine in one 
of them. The lung was from a cat weighing 2-6 kg., and the control lung extract 
was estimated to contain 125y histamine per gram of lung tissue. During per- 
fusion for 15 minutes before the injection no trace of histamine could be detected 
in the perfusate. Toxin was now injected into the pulmonary artery. In the 
graph the ordinates are the output in y per minute of histamine and the abscissae 
the time in minutes; the areas enclosed in continuous lines represent the output of 
histamine in the perfusate, and those enclosed with interrupted lines the output 
in the tracheal fluid collected during the last forty-five minutes of the experiment. 
The drainage fluid when the preparation was cut down amounted to 3 ¢.c. in 10 
minutes and contained 6y of histamine. The extract of the lung after perfusion 
contained 55y per gram of lung tissue. The lung weighed 4-8 gm. before, 9-2 gm. 
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after perfusion with toxin and 4 gm. after careful removal of oedema fluid by 
squeezing. The total loss of histamine estimated by difference in the organ ex- 
tracts amounted therefore to 280y, whereas the total quantity estimated in the out- 
flowing fluid amounted only to 110y. This difference is probably attributable in 
part to underestimation of the histamine present in the organ after perfusion and 
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Fig. 1. Output of histamine from the perfused lung of the cat. At the arrow 50 mg. toxin. 
Ordinates, histamine in y per minute; abscissae, time in minutes. 


in part to the difficulty of obtaining uniform action of the toxin on the whole of 
the perfused tissue when the injection is made against gravity and of obtaining 
truly representative samples of the lung for extraction after perfusion. Fig. 2 
shows a portion of the titration of the perfusion fluid in the control experiment de- 
seribed above (upper panel) and in the experiment of Fig. 1 (lower panel). In 
the upper panel doses of 0-4 c.c. of samples (1 before injection, 2 to 5 after 


injection) produced feeble contractions of the jejunum with a latency of 5-8 
seconds. In the lower panel 0-1 ¢.c. of perfusate before the injection of toxin (1) 
was without action on the gut, while 0-1 ¢.c. of samples of perfusate after injection 
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produced immediate contraction of the gut (2 to 5) caused by the presence it 
them of histamine. ! , 
The contraction of the gut caused by toxin in the perfusate is readily distin 


guished from the immediate response produced by histamine, and was eliminate: 





Fig. 2. Records from pieces of jejunum from two guinea-pigs. The responses in the 
lower panel were obtained after ‘‘desensitization’’ with toxin. At h in the lower panel 


0-1ly histamine, and at 1, 2, 3, 4 and 5 samples before and after toxin were tested. The un- 


marked contractions in the upper panel were to 0-ly and those in the lower panel to 0-2¥ 
histamine. Details in text. 


by using a piece of jejunum desensitized by repeated treatment with toxin (Kella- 
way, Trethewie and Turner, 1940). In the experiment of Fig. 1 and Fig. 2 (lower 
panel) the perfusion rate was 1-4 ¢.c. per minute and the actual concentrations 
of histamine estimated were 1 : 600,000 in the first sample after injection, 1 : 800,000 
in the second, 1: 700,000 in the third and 1: 1-1 million in the fourth. In other 
experiments we estimated the output of histamine in the perfusate by the depres- 
sion of the systemic blood pressure in the cat, and found that this agreed closely 
with the estimations on the isolated gut. 











LIBERATION OF HISTAMINE AND ADENYL COMPOUNDS 257 


2. The Liberation of Adenyl Compounds. 


The possible importance of adenyl compounds liberated in tissue injury in 
causing cardiac effects was first indicated by the work of Drury and his colleagues. 
Drury and Szent Gyorgyi (1929) found that the transient effects on the mamma- 
lian heart caused by the intravenous injection of extracts of heart muscle and other 
tissues could be attributed to adenylic acid, and Bennet and Drury (1931) showed 
that when the heart of a guinea-pig was injured by burning, adenyl compounds 
were liberated and displayed their effects upon a second normal perfused heart. 
Kellaway and Trethewie (1940a) have shown that cobra venom causes the libera- 
tion of adenyl compounds from perfused organs, and also sets free an inactivating 
enzyme. When the perfusate was collected without precautions to destroy this 
enzyme the adenyl compounds estimated in the perfusate represented only about 
20 p.ec. of the loss estimated by comparison of extracts of the perfused organ with 
control extracts. The difference was less when the perfusate was collected at 95° 
C., and still less when cyanion was added to the perfusion fluid. 

The toxin used in the present experiments contains a cardio-depressant im- 
purity, and its cardio-depressant action is not wholly neutralized by antitoxin. 
In titrating extracts and perfusates it was therefore necessary to ensure that the 
fully neutralized toxin was not present in amounts sufficient to disturb the titra- 
tions. <A mixture of over-neutralized toxin (2 mg. toxin to 0-1 ¢.e. antitoxin) 
which was without effect on the isolated jejunum of the guinea-pig produced in the 
hearts of several guinea-pig preparations depressant effects equivalent to those of 
1 to 6y adenosine. Not all guinea-pig preparations were so sensitive to this im- 
purity in the toxin; in one, for example, 6 mg. of over-neutralized toxin was equiva- 
lent to ly adenosine. Generally doses of 0-25 to 0-75 mg. of over-neutralized toxin 
had no cardio-depressant effect. 

(1) Experiments on the Perfused Liver of the Rabbit. This organ was selee- 
ted because it is rich in adenylic acid and contains but little histamine (1—3y per 
gram). Extracts of several pieces of liver from the same organ when tested on 
the atropinized heart of the guinea-pig by the method ‘of Drury, Lutwak-Mann and 
Solandt have the same cardio-depressant effect, and prolonged perfusion with 
Tyrode solution does not cause any loss of adenyl compounds from the organ 
(Kellaway and Trethewie, 1940a). 

In Table 1 are set out the results of four experiments in which doses of from 
12 to 36 mg. of toxin were injected intraportally into perfused pieces of liver. 
Fig. 3 illustrates the titration of adenyl compounds in the perfusate in the third 
experiment of the Table. In this experiment a piece of liver weighing 22-9 gm. 
from a rabbit weighing 2-9 kg. was perfused with Tyrode solution, and a control 
sample obtained from another portion of the organ contained the equivalent of 
1-3 mg. adenosine per gram.* At A (Fig. 3) 0-7 ¢.c. of the sample of perfusate 


2 These high values are discussed elsewhere (Kellaway and Trethewie (1940b)). 
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obtained before injection mixed with 0-1 ¢.c. antitoxin was without significant 
effect on the guinea-pig heart preparation. After the injection of toxin (36 mg.) 
the rate of flow was increased from 2-8 to 9 ¢.c. per minute for three minutes, but 
this sample contained so much toxin that it was not possible satisfactorily to esti- 
mate its content of adenyl compounds. The third sample obtained three to ten 
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Fig. 3. Record from the right auricle of an atropinized guinea-pig. Estimation of adeny] 
compounds in perfusate from a rabbit’s liver before and after the intra-portal injection of 
toxin. Details in text. 


minutes after the injection when mixed with antitoxin (0-1 ¢.«. antitoxin to 0-5 
¢c.c. sample) contained cardio-depressant substance equivalent to 8y adenosine per 
e.c. At B the cardio-depressant effect of 0-5 ¢.c. of this over-neutralized sample 
was matched at A4 against 4y adenosine. No significant effect was produced by 
0-45 mg. toxin mixed with 0-1 ¢.c. antitoxin (at C), and this was the maximum 
amount of toxin that could have been present in 0-5 ¢.c. of the third sample. The 
fourth sample contained the equivalent of 4-3y and the fifth 2y adenosine per c.e. 
The effect of 0-7 ¢.c. of the fourth and 1 ¢.c. of the fifth sample mixed with anti- 
toxin are shown at D and E respectively and matched at Ag and A» against 3y 
and 2y adenosine. The liver after the experiment weighed 23-7 gm. and contained 
0-83 mg. adenosine per gm. (corrected for oedema). 
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TABLE 1. 


Liberation of Adenyl Compounds from the Perfused Liver of the Rabbit. 


Content of liver P.c. loss by Output in Output in perfusate 
Dose of toxin asmg.adenosine difference of perfusate in as p.c. of total 
in mg. per gm. organ extracts. mg. adenosine. content of tissue. 
12 0-7 29 Nil 0 
24 0-8 54 Nil 0 
36 1-3 36 0-4 1-3 
36 1-0 27 0-28 2°5 


In all of these four experiments there was a substantial loss of adenyl com- 
pounds from the perfused organ, but in only two of them were adenyl compounds 
detected in the perfusate. The smaller percentage for the output in the third ex- 
periment probably depends on the fact noted above that we were unable to estimate 
the adenyl compounds in the first sample after the injection. The variation in per- 
centage loss from the liver in these experiments probably depends upon the weight 
of the piece of liver used and its content of adenyl compounds as well as upon the 
amount of toxin injected. These results recalled those obtained with cobra venom 
in which the amount of adenyl compounds determined in the perfusate was only 
a small proportion of the total loss from the organ. We therefore added sodium 
cyanide to the Tyrode solution used for perfusion, and under these conditions were 
able to estimate in the perfusate a much larger proportion of the adenyl compounds 
lost from the perfused organ. 

The results of two experiments in which pieces of liver were perfused with 
Tyrode solution containing M/40 NaCN brought to pH 7-6 and 7-4 respectively 
together with two control experiments in which the cyanide Tyrode solution was 
brought to pH 7-5 are set out in Table 2. In one control experiment a mixture of 
36 mg. of toxin with 2-5 ¢.c. antitoxin was injected, and the other was a simple 
perfusion with Tyrode containing cyanide. 


TABLE 2. 


Liberation of Adenyl Compounds by Torin in the Presence of Cyanion, 


Content of liver P.c. loss by Output in Output in perfusate 
Dose of toxin in mg. difference of perfusate as as p.c. of total 
in mg. adenosine. organ extracts. mg. adenosine. content of tissue. 
36 1-05 12-4 1-34 7-2 
36 1-] 4°5 0-46 3°8 
36 + 2-5e¢0¢. AT 1-] ( Nil 0 
—_ 1-05 3°8 Nil 0 


In the control experiments there was no significant loss of adenyl compounds 
from the liver as estimated by difference of organ extracts, and no detectable 
amount of adenyl compounds in the perfusate. In the presence of cyanion the 
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percentage loss from the organ measured by difference of organ extracts is mucl 
smaller than in the absence of cyanion, and in the second experiment in the table 
comes within the range of the error of the method. The output in the perfusat« 
after the injection of toxin is, however, greater both absolutely and as a percentag: 
of the total content of the tissues than in the experiments in which no attempt wa 
made to hinder the inactivation of adenyl compounds by enzyme action within the 
perfused organ. 

In our experiments with cobra venom we have shown that if Tyrode solution 
containing adenyl compounds (lacarnol, Bayer) was perfused and re-perfused 
through a normal liver the activity of the perfusate is rapidly lost, and that whereas 
the perfusate from a normal liver perfused with Tyrode solution contained no in 
activating enzymes, the perfusate after the injection of cobra venom contained 
them in easily detectable amounts (Kellaway and Trethewie, 1940a). We have 
repeated these experiments using adenosine and Cl. welchii D. toxin. Adenosine 
10 mg. in 200 ¢.c. Tyrode solution was perfused and re-perfused for 80 minutes 
through a piece of liver weighing 10-2 gm. Samples taken at various times were 
boiled and compared with a boiled sample of the original mixture on the atropi- 
nized guinea-pig preparation. After five minutes 83 p.c., after 15 minutes 59 p.c., 
after 30 minutes 31 p.c., and after 50 minutes 18 p.c. of activity remained. After 
80 minutes’ perfusion no trace of activity could be detected in the perfusate. 

The perfusate collected during 15 minutes after the intraportal injection of 
36 mg. toxin into a piece of liver weighing 13-6 gm. amounted to 50 ¢.c. This 
sample was free from adenyl compounds after standing at room temperature. To 
this, adenosine was added to make a concentration of 1: 50,000 and a portion of 
the mixture was at once boiled. The remainder was incubated in a water bath at 
40°C. for two hours, and portions were removed and immediately boiled after 20, 
40, 80 and 120 minutes. When these were tested on the atropinized guinea-pig 
heart they were found to contain progressively decreasing amounts of active 
adenyl compounds. After 20 minutes 55 p.c., after 40 minutes 40 p.c., after 80 
minutes 15 p.e., and after 120 minutes less than 5 p.c. of the original activity was 
present. When adenosine was mixed so as to make the same concentration with 
perfusate from a piece of normal liver collected at the same rate of perfusion (3-5 
e.c. per minute) the samples tested during incubation for two hours showed no 
appreciable loss of activity. 

(ii) Experiments on the Isolated Heart of the Cat. When toxin is injected 
into the coronary circulation of the perfused rabbit’s heart vaso-constriction of 
very severe degree occurs which makes the heart of this species unsuitable for these 
experiments. We therefore used the cat’s heart on which toxin causes less severe 
constriction of the coronary vessels. Hearts from animals anaesthetized with ether 
were more sensitive to toxin than those from animals anaesthetized with chloralose. 
In seven experiments in which 9, 15 or 30 mg. of toxin were injected we observed 


an output of adenyl compounds in five. In one such experiment the heart from a 
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‘at weighing 2-4 kg. was perfused through the coronary vessels and 9 mg. toxin 
were injected. The coronary flow ceased immediately after the injection, and the 
heart ceased to beat, but the flow was re-established by temporarily increasing the 
nerfusion pressure, and the heart was beating again strongly in four minutes. The 
sample collected before injection (11 ¢.c. in 2 minutes) was without cardio- 
depressant effect, and the first sample after injection (12 ¢.c. in 2 minutes) when 
mixed with 0-1 ¢.c. antitoxin per ¢.c. contained cardio-depressant substances equi- 
valent to 3-3y adenosine per ¢.c. The second (16 ¢.c. in 6 minutes) contained the 
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Fig. 4. Record from the right auricle of an atropinized guinea-pig. Estimation of adeny] 
compounds in perfusate from a cat’s heart before and after toxin. Details in text. 


equivalent of 1-7y and the third (54 ¢.c. in 14 minutes) the equivalent of 2-2y 
adenosine per ¢.c. Fig. 4 illustrates part of the titration of these samples on the 
atropinized guinea-pig heart. At A 1-5, A4 and A6 1-5, 4 and 6y adenosine were 
injected ; at 1, 1 ¢.c. of the sample of perfusate before the injection of toxin and at 
2,3 and 4, 1 ¢.c. of the first, second and third samples after the injection were tested 
each with 0-1 ¢.c. antitoxin. At B, 0-7 mg. of neutralized toxin, which was the 
largest amount which could have been present in 1 ¢.c. of the first sample after 
injection, was without eardio-depressant effect. The amount of adeny! compounds 
estimated in the heart after perfusion was equivalent to 1 mg. adenosine per gram. 

In another experiment upon the heart of a cat weighing 2-6 kg. a dose of 30 mg. 
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of toxin was injected. The heart ceased to beat 11 minutes after the injection. Th 
sample collected before the injection (10 ¢.c. in 2 minutes) was without cardi: 
depressant effect. After the injection we increased the perfusion pressure, bu 
despite this the flow was diminished. All the samples collected after the injectio 
had some degree of cardio-depressant action, but the perfusate collected durin 
the first 53 minutes contained too much toxin for accurate titration. This samp! 
amounted to 8 ¢.c. The second sample after the injection (4 ¢.c. in 24 minutes 
contained eardio-depressant substances equivalent to ly adenosine per e¢.c., th 
third (34 ¢.c. in 25 minutes) 0-8y per c.c., the fourth (64 ¢.c. in 3$ minutes) ly pe 
c.c., the fifth (114 ¢.c. in 5 minutes), 1-5y per ¢.c., the sixth (284 ¢.c. in 10 minutes ) 
4y per cc. The fluid drained from the heart after it was cut down amounted t: 
63 ¢.c. and contained cardio-depressant substances equivalent to 5y adenosine pea 
c.c. The amount of adenyl compounds estimated in the heart after perfusion wa 
equivalent to 0-83 mg. adenosine per gram. 

In these experiments with a slow rate of flow there is undoubtedly a mucl 
greater output of adenyl compounds than can be estimated in the perfusate. W« 
had no means of inhibiting the rapid inactivation of adenyl compounds which goes 
on in the heart. When a normal heart was perfused with oxygenated Ringer’s 
solution containing adenosine 20y per c.c. at a rate of 10-5 ¢.c. per minute, 46 p.c. 
of adenyl compounds was estimated in the perfusate, when the rate of flow was 
reduced to 2-4 ¢.c. per minute, 35 p.c., and on further reduction to 1-8 ¢.¢. per 
minute only 20 p.c. of adenyl compounds remained undestroyed. 


DISCUSSION, 


The injurious effects of the toxin of Cl. welchit Type D on the tissues are most 
evident upon the hearts and lungs of lambs and upon the lungs of rabbits and cats. 
Experiments upon the perfused lungs of cats have shown that histamine is liber- 
ated from these organs by the toxin. The toxin is much less active in this respect 
than are the snake venoms, and large doses were necessary to obtain a decisive 
result. This involved the presence of non-specific impurities in amounts which 
might be expected to possess an injurious effect on the tissues. This was not so, 
however, since over-neutralized purified toxin in the doses used failed to cause any 
detectable output of histamine in the perfusate, and the traces of histamine-like 
substance (Kellaway, Trethewie and Turner, 1940) in the neutralized mixture 
were too small to affect our titrations. These experiments provide a further ex- 
ample of the parallelism between the degree of tissue injury and the amount of 
histamine liberated which has been shown in experiments on other agents that 
cause injury to the tissues (Feldberg and O’Connor, 1937). We were not able to 
obtain evidence of the liberation of slow-reacting muscle stimulant substance 
(Feldberg, Holden and Kellaway, 1938). 

It is diffieult to assess the probable part played by histamine in contributing 
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) the manifestations of poisoning by this toxin. It is probable that its action at 
the site of liberation in the lungs contributes to the oedema which is so frequently 
«bserved in all the three species studied, and that it thus indirectly plays a part in 
the anhydraemia observed in the sheep (Gordon, Stewart, Holman and Taylor, 
1940; Kellaway, Trethewie and Turner, 1940). It may also contribute to the lib- 
eration of adrenalin from the suprarenals of the rabbit. Unfortunately the power- 
ful eardio-depressant action of the impurity present in the toxin has made it im- 
vossible for us to analyse the cardio-vascular effects in the cat, the only species of 
those studied which is sensitive to histamine. 

Our experiments on the liberation of adenyl compounds gave results similar 
to those obtained with cobra venom (Kellaway and Trethewie, 1940a), and the rea- 
sons there put forward for regarding the cardio-depressant substances liberated 
from the perfused organs as adenyl compounds apply to our results with this toxin. 
The effects of choline derivatives in extracts and perfusates tested were eliminated 
by repeated atropinization of the test preparation. Histamine in the amounts 
presumably set free from the perfused organs or in the organ extracts was present 
in amounts too smal] to affect the titrations. The effects of toxin in perfusate and 
extracts were eliminated by over-neutralizing each sample with a powerful anti- 
toxin, and that of impurities in the over-neutralized mixtures by avoiding the use 
of doses which contained too large an amount of toxin. 

The cardio-depressant substances set free behaved like adenosine and adenylic 
acid, being destroyed by the enzymes present in tissues and in perfusates (after 
the injection of toxin). When cyanion was used to inhibit this effect a reasonable 
correspondence was observed between the cardio-depressant substances estimated 
as lost from the organ and the amounts determined in the perfusate. 

Since in the rabbit the toxin produces no gross injury to the heart, the brady- 
cardia, slowed conduction, and block observed may be attributable to constriction 
of the coronary vessels or to the liberation of adenyl compounds. For such com- 
pounds to be effective they must act at the site of liberation. It is unlikely that 
adenyl compounds liberated in other organs could reach the heart in effective con- 
centration since they are so rapidly inactivated by enzymes in the blood and tissues. 


SUMMARY. 


The toxin of Cl. welchii, Type D, causes the liberation of histamine from the 
perfused lungs of the cat and of adenyl compounds, and of an inactivating enzyme 
from the perfused liver of the rabbit and heart of the eat. The réle of these sub- 
stances in producing the manifestations of toxaemia is discussed. 
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Bennet and Drury (1931) estimated the content of adenyl compounds in a 
number of organs. They made trichloracetic acid extracts of ground-up tissue 
(1 e.c. of 5 p.c. trichloracetic acid per gram of tissue), and after standing at 20° C. 
for 20 hours expressed the juice in a hydraulic press at 150 kg. per em?. The ex- 
tract so obtained was filtered, neutralized with NaHCOgs and tested on the intact 
atropinized guinea-pig by estimating the duration of heart block produced com- 
pared with the effect of a standard solution of adenosine. The values which they 
obtained were multiplied by %4 to express them as mg. of adenylic acid per gram of 
tissue. In our experiments we have used a different method of extraction. The 
tissue was perfused free of blood, weighed portions were ground up with silica in 
Tyrode solution and made up to a dilution of 1 gm. tissue in 50 ¢.c. This was boiled 
immediately to stop the action of inactivating enzymes. 

In our early experiments with cobra venom (1940) we were unable to obtain 
either adenosine or adenylic acid as a standard, and we used a solution of lacarnol 
(Bayer) 1: 100 in our tests on the guinea-pig heart by the method of Drury, Lut- 
wak-Mann and Solandt (1938). When adenosine (B.D.H.) became available we 
found that our values for the content of adenyl compounds in normal tissues were 
about two to four times as great as those recorded by Bennet and Drury. For ex- 
ample the value obtained by these authors for the rabbit’s liver was 0-5 mg. of 
adenylic acid per gram (= 0-33 mg. adenosine), whereas those obtained by us in 
numerous experiments varied from 0-7 to 1-3 mg. adenosine. There are several 
possible explanations of this discrepancy : (1) the rabbits we used might have had 
a higher content of adenyl compounds in their tissues; (2) in our method of ex- 
traction, boiling in the presence of tissue proteins may have converted less active 
adenyl compounds into more active ones; (3) the method of extraction which we 
used may have been more efficient in extracting the adenyl compounds from the 
tissues; or (4) the method of Drury Lutwak-Mann and Solandt may have been 
less specific than the original method used by Bennet and Drury, and Drury and 
Szent Gyérgyi (1929). 





1 This work has been aided by a grant from the National Health and Medical Research 
Council, 
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Using the method of Drury, Lutwak-Mann and Solandt we have studied th: 
efficiency of extraction with trichloracetic acid. We have not been able to repea 
in full detail the method of Bennet and Drury because no hydraulic press wa: 
available. Instead we centrifuged our trichloracetie acid extracts for 20 minute: 
at 3,000 revolutions per minute, which gave a pressure on the sediment of the sam: 
order and avoided possible losses by adsorption on the material used for filtering 
There was another difference between our extractions and those of Bennet and 
Drury : theirs were made with unperfused tissues, but for ours the tissues wer 
perfused free from gross contamination with blood before extraction. We have 
therefore compared (1) trichloracetic extracts of unperfused tissue with (2) 
boiled Tyrode extracts of unperfused and perfused tissue. 

A rabbit was anaesthetized with ether and a dependent lobe of the liver was excised. Thi 
was divided into a number of small pieces and two sets of these containing adjacent pieces of 
equivalent size formed the samples of unperfused material. These composite samples eacii 
weighing about 2 gm. were extracted—one with trichloracetiec acid and the other with Tyrode 
solution by our method. The remainder of the organ was thoroughly perfused using 2 litres of 





Tyrode solution and another composite sample of this perfused tissue was extracted by our 
method. The trichloracetic extracts were made as follows: the tissue was ground with silica and 
the acid added in 5 p.c. solution (1 ¢.c. per gm. of tissue). The mixture was placed in a centrifuge 
tube, corked up and allowed to stand for 20 hours at room temperature. Centrifugation gave 
good separation of the supernatant liquid from the deposit. To a measured volume of supernatant 
fluid Tyrode solution was added to make a dilution equivalent to 1 gm. of tissue to 50 ¢.c. This 
served to neutralize the supernatant fluid. The sediment was re-extracted with Tyrode solution 
(1 gm. of tissue to 50 ¢.c.) and the mixture divided into two parts—one being centrifuged and the 
other brought to the boil. The coagulated protein in the boiled sample separated out quite readily 
on standing. 


TABLE 1. 


Comparison of Extraction of the Liver with Trichloracetic Acid and by Boiling 
T yrode Solution. 


Trichloracetiec Extract. Boiled Tyrode Extract. 
(1) (2) (3) 
Sediment 
Supernatant Sediment re-extracted Unperfused Perfused 
Fluid. re-extracted. and boiled. Tissue. Tissue. 
0-4 0-3 0-6 0-9 1-1 
0-5 0-4 0:7 1-25 1-1 
0-8 = 0-05 — 0-9 


The results of estimations in mg. adenosine per gm. tissue are set out in 
Table 1. In the first line of the table it will be observed that the supernatant fluid 
from the trichloracetic extraction gave a value comparable with Bennet and 
Drury’s results, but is caleulated on the assumption that all the activity is present 
in the supernatant fluid. The re-extraction of the sediment with Tyrode solution 
yielded further activity, and boiling gave an even higher value for the activity 
remaining in the sediment after extraction with trichloracetic acid. Our method 
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gave the usual high values, but the difference between extracts of perfused and 
unperfused tissue is not significant. 

In the second experiment in the table we avoided the volume error in the estimation of the 
content of the tissues from the value obtained for the supernatant of the trichloracetic acid 
extract by making up this extract with 5 p.c. acid to a fixed volume per gm. (10 ¢.c.). The mix- 
ture stood at room temperature for 20 hours. The supernatant fluid after centrifugation was 
neutralized and diluted with Tyrode solution (1 gm. tissue to 50 ¢.c.) before testing. In this 
experiment we are justified in adding the amount estimated in the supernatant to that estimated 
in the re-extracted boiled sediment for comparison with the value obtained by our method. 

In the third experiment in Table 1 the conditions were again altered. The trichloracetic 
extract was made (1 ¢.c. of acid to 1 gm. of tissue) and after standing for 20 hours the whole 
extract was diluted with Tyrode solution to 25 ¢.c. per gm. of tissue. It was now centrifuged and 
the supernatant fluid tested boiled and unboiled and found to contain 0-8 mg. adenosine per gm. 
tissue. The sediment was re-extracted and boiled and gave a value of 0-05 mg. The boiled 
Tyrode extract gave a value of 0-9 mg. adenosine per gm. tissue. 

These results suggest that the discrepancy between our values for the content 
of adeny! compounds in the rabbit’s liver and those of Bennet and Drury are to be 
explained by a more complete extraction by our method in which a greater volume 
of extractive per gram of tissue could be used when testing by the more sensitive 
method of estimation now available. The possibility that heating adenyl com- 
pounds in extracts in the presence of tissue protein causes the formation of more 
active cardio-depressant compounds was readily excluded by bringing to the boil 
a portion of a centrifuged Tyrode extract. This was found to have the same acti- 
vity as the unboiled material if the tests of the unboiled supernatant fluid were 
made without allowing it to stand. 

There remained the possibility that the atropinized heart preparation of 
Drury, Lutwak-Mann and Solandt responds to substances in our extracts other 
than adenyl compounds and that these substances do not cause the specific heart 
block in the intact, cooled, atropinized guinea-pig which Bennet and Drury used 
in their experiments. We compared the two methods of estimation on boiled 
Tyrode solution extracts and found in a number of experiments that the method 
of Drury, Lutwak-Mann and Solandt gave values which were 8 to 20 p.c. lower 
than those obtained for the same extracts using the method of Drury and Szent 
Gyérgyi. It appears therefore that the latter method is less specific than the more 
recent method. 

Apart from the possibility that the standard adenosine used by us (B.D.H.) 
is less active than that used by Bennet and Drury in their experiments we must 
attribute the higher values we have obtained to more complete extraction of the 
tissues by the use of larger volumes of extractive. 
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INTRODUCTION. 
4nd 

When animals are dosed with phenothiazine, a red excretory product appears 
in the urine. Eddy, Cox and DeEds (1937), who were working with albino rats, 
first observed this fact and also noted that bacterial decomposition failed to secur 
in such a red-coloured urine. In a subsequent paper, DeEds, Eddy and Thomas 
(1938) published the results of an examination of urine which was collected from 
rats, rabbits and human beings dosed with phenothiazine. They found that the 
colouring matter in the urine consisted entirely of thionol, an oxidation product 
of phenothiazine. This was present both in the form of the dyestuff itself and as 
its leuco base. Their results, however, cannot be accepted as conclusive, as they 
were unable to isolate a crystalline product or derivative of thionol, and were 
foreed to rely upon the method of oxidation-reduction potentials in order to char- 
acterize their product. As phenothiazone, another oxidation product of pheno- 
thiazine, will also give rise to a reversible oxidation-reduction system, this com- 
pound may have been present in the urine examined by these workers. DeEds 
et al. have doubted the presence of phenothiazone in the urine on the grounds of 
its low solubility in water ; thionol, however, is even less water-soluble. 

To obtain further knowledge as to the mode of excretion of phenothiazine 
when used as an anthelmintic in sheep, a study of the urine of sheep dosed with 
this compound has been carried out. 


EXPERIMENTAL. 


A sheep was dosed with 10 gm. of pure phenothiazine held in aqueous suspension by means 
of bentonite. After dosing, the animal was placed in a metabolism cage, and collection of the 
urine was continued for 26 hours during which time a total of 450 ml. was passed. 

The urine so obtained was made strongly acid with hydrochlorie acid and allowed to stand 


overnight in the refrigerator. The precipitate which formed was removed by filtration and 
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washed with water. A pink solid (1-1 gm) was obtained which will be referred to as Fraction 1 

The urine was next extracted three times with chloroform, the chloroform layer being cleare< 
by centrifuging after each extraction. Some of the colouring matter was removed by the chloro 
form but the urine was still highly coloured. It was allowed te stand for several days and agai 
extracted similarly with chloroform. The combined extracts were then washed with water an 
dried over calcium chloride. Evaporation of the solvent yielded a reddish-brown solid (0°83 gm. 
which has been designated Fraction 2. The colouring matter could not be extracted with organi: 
solvents from the urine unless the latter was acidified. This would indicate that it occurred 
combined with other constituents of the urine and that acidification had broken down this com 
bination. 

Examination of Fraction 1, The fraction was dissolved in boiling alcohol and 
reprecipitated by the addition of excess water. By earrying out this procedur« 
several times a product was finally obtained which melted at 180° C. This was 
identified as unchanged phenothiazine by a determination of the mixed melting 
point with the latter compound. This result is in agreement with those of DeEds, 
Eddy and Thomas (loc. cit.), who found that phenothiazine was present conju- 
gated with other products in the urine. 

Examination of Fraction 2. The reddish-brown solid was redissolved in hot 
chloroform (75 ml.) and drawn slowly through a glass column containing alumina 
that had been previously moistened with hot chloroform. The alumina was finally 
eluted with hot benzene until no more colouring matter passed into the filtrate. It 
was found that the method of chromatographic adsorption had sueceeded in divid- 
ing the urine colouring matter into two distinet red fractions. Fraction 2(a) was 
adsorbed by the alumina in the form of a bright red band at the top of the column. 
Fraction 2(b) had passed unadsorbed through the column. <A more detailed 
examination of these two fractions has been carried out, the results of which are 
recorded below. 

Fraction 2(a). The colouring matter was extracted from the alumina by 
gently warming this fraction of the column with dilute sodium hydroxide solution. 
The alumina was removed by filtration and a bright purple solution of the colour- 
ing matter was obtained. This solution was acidified with hydrochloric acid and 
extracted with chloroform until no more colouring matter could be removed. The 
chloroform extract was washed with water, dried over calcium chloride and evapo- 
rated to dryness. A dark reddish-brown residue (0-17 gm.) remained containing 
a small quantity of colourless needle-shaped erystals. These were probably erys- 
tals of acids occurring normally in sheep’s urine, such as hippuric acid. 

This fraction of the colouring matter in the urine has been identified as thionol 
by means of absorption spectra. In Fig. 1 are shown iron are spectra obtained 
from Fraction 2(a) and from pure thionol prepared as described by DeEds and 
Eddy (1938). These photographs were produced by interposing a 10 em. tube 
containing alcoholic solutions of concentrations indicated in Fig. 1. It can be seen 
that there are two strong absorption bands in both series of photographs. There 
is a marked absorption band at about 5520A. A broader band, which again is quite 
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marked, extends from 5000A to 5100A. Between these two major bands slight ab- 
sorption is shown in several corresponding regions. 

Fraction 2(b). The filtrate was evaporated to dryness and yielded a red solid 
(0-15 gm.). This was slightly soluble in cold, but much more soluble in hot, water. 
Three recrystallizations from water finally yielded a red compound melting at 161- 
162° C. 
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Fig. 1. Iron are absorption spectra of alcoholic solutions of Fraction 2 (a) of the urine 
colouring matter and of pure thionol. The concentrations are as follows: I to VI: 47 mg. of 
Fraction 2 (a) in 80, 70, 60, 50, 40 and 30 ml. respectively; VII to XII: 47 gm. of pure thionol 
in 4-0, 3-5, 3-0, 2-5, 2-0 and 1-5 litres respectively. 


This was proved to be phenothiazone by a mixed melting point determination 
with pure phenothiazone (melting point 163° C.) which was prepared by the 
method of Pummerer and Gassner (1913). 

Like phenothiazone, the compound could be sublimed on heating above the 
melting point, and constituted a reversible oxidation-reduction system. 

A very small portion of Fraction 2(b) was insoluble in boiling water, and 
could be recrystallized from aqueous aleohol to give a yellow solid which melted 
indefinitely at 170° C. This was probably some phenothiazine which had not been 
precipitated by acid in Fraction 1. It has been shown previously by Lipson (1939) 
that phenothiazine is not adsorbed by alumina, and consequently any that might 
be present in Fraction 2 would be concentrated in Fraction 2(b): 
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SUMMARY. 


When sheep are dosed with phenothiazine, this compound can be recovere: 
from the urine. In the present experiment, about 10 p.c. of the original dose wa 
recovered in the urine passed during 26 hours after administration. 

The red colour developing in the urine of sheep dosed with phenothiazine i 
due in part to thionol, but does not consist entirely of this compound as the results 
of previous workers on other animals have indicated. Phenothiazone is also formed 
from phenothiazine, and the present study has shown that the colour developed in 
sheep’s urine is due as much to phenothiazone as to thionol. The two oxidation 
products can be conveniently separated by chromatographic adsorption. 

The three compounds occur in combination with other constituents of the 
urine. The thionol and phenothiazone are excreted mainly in the form of leuco 
bases which are oxidized to the parent dyestuffs on allowing the urine to stand in 
the air. 
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THE RESPIRATORY METABOLISM OF CARROT 
TISSUE II AND IV’ 


PART IIL—THE DRIFT OF RESPIRATION AND FERMENTATION IN 
TISSUE SLICES, WITH NOTES ON THE RESPIRATORY QUOTIENT. 


PART IV.—OXIDATIVE ANABOLISM. 


by 
JOHN 8S. TURNER 


(From the Botany School, Melbourne University ). 
(Submitted for publication 29th June, 1940.) 


The third paper of this series simply presents the primary data on respiration 
obtained with slices of carrot tissue suspended in aqueous media. Plant physio- 
logists have recently begun to use tissue slices in the study of respiration, and these 
results may be of interest in stimulating such work, and in emphasizing the im- 
portant effect of the wounding upon respiratory metabolism ; they serve also to 
point to differences between the manometric and continuous current methods of 
measuring the rate of gaseous exchange. The main purpose of this paper, however, 
is to act as an introduction to the succeeding Part IV which contains an analysis of 
the relation between respiration and fermentation and its interpretation in terms 
of oxidative anabolism. 


PART IIL. 
THE RATE OF RESPIRATION OF TISSUE SLICES IN WATER. 
Experiments with the Continuous Current Apparatus. 


In most of the experiments whose results are dealt with here the respiration 
rate was measured by the Pettenkofer method, as described in a previous paper 
(Turner, 1938a), where the method of preparation of the material is also given. 
In each experiment two sets of carrot slices (1 mm. thick) were selected at random 
from a large batch of slices, which were washed immediately after cutting. The 
sets were placed in distilled water through which air was bubbled and estimation 
of the CO». output was then begun. 


1 Papers I and II of this series appeared in the New Phytologist, Vol, 37, 1938, pp. 232, 
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Some typical respiration rate-time curves are given in Fig. 1. P23 represents the curve 
obtained when the slices were washed in running tap water for only a few hours before estima- 
tion began. P5 A, B and P11 A, B show the curves obtained in experiments in which the time 
of preliminary washing was longer. All the results are plotted together in Fig. 2 on a greatly 
reduced time seale. In this graph, which is useful for certain purposes of analysis, most of the 
curves are drawn through the points obtained from paired sets of tissue. The curves obtained 
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Fig. 1. The drift of respiration with time; carrot slices washed in tap water and trans- 
ferred to distilled water at 22-5° C. at 0 hours. Times of preliminary washing: 
P23, 3-5 hours; P5 (two sets, a, B), 52 hours; 
P11 (two sets, one curve, 270 hours); P19 uncut root in air. 


from any two sets of slices, sampled at random from tissue cut at the same time, are always 
similar, though differences of as much as 20 p.c. of the mean are often found between the two 
readings. In general, however, even when the rates for the two sets differ as much as this at 
the beginning of estimation, they tend to approach each other as the experiment proceeds, and 
they often do not differ by more than 5 p.c. in the later stages. Thus in Experiment P11 the 
greatest difference between two comparable readings (two sets of slices) was 13 p.c. of the 
mean, and the average difference over 40 hours was 5 p.c. (In Fig. 1, compare P5 a, B, P11 
A,B). 

In both Figs. 1 and 2 the drift of the respiration rate with time for a single uncut carrot 
is also shown. The root was placed in a glass chamber and a stream of air drawn over it. 


From the results set out the following conclusions may be drawn: 
(1) The respiration rate at 22-5° C. immediately after cutting approximates 
to 30 mg. CO./100 gm. fresh weight/hour, which is high compared with that of 
an uneut carrot root (Fig. 1, P23, P19). During the first 50 hours after cutting 
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the rate of respiration in the submerged slices is highly irregular, and shows 
marked oscillations of as much as 50 p.c. of the mean rate. The rate tends, how- 
ever, to fall with time, and after 50 hours the fall becomes more regular, the oscilla- 
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Pig. 2. The drift of respiration with time; the time axis is greatly reduced. Temp. 22-5° U, 


Broken line: Carrot slices in air on damp muslin, cut at zero hour. 

Closed line: Carrot slices in aerated distilled water. All eut at zero hour. 
Open circles: Readings taken during first 30 hours in the respiration apparatus. 
Closed circles: All subsequent readings. 

Dotted line, squares: Single uncut carrot root, in air, 
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tions become less marked and eventually they disappear. (See also Fig. 5.) After 
150-200 hours in the apparatus the rate of fall of the respiration rate is very slow, 
as it is in an uncut carrot root. 

The best illustration of this statement is given by Experiment P23 (Fig. 1), as here the 
respiration drift was followed for 340 hours. When the carrot tissue slices had been in the 
apparatus for 40 hours (they were previously washed for 3-5 hours), the rate of respiration 
was 24 mg./100 gm./hour, and it fell irregularly to half this rate in the next 70 hours, and t« 
half of this again (i.e. to 6 mg./10@ gm./hour) in another 70 hours. The rate of the fall then 
diminished, rates of only 5 mg./hr. and 4-7 mg./hr. being reached in the succeeding intervals 
of 70 hours. 

For convenience this more slowly falling rate (reached in P23 after about 200 
hours from cutting) is here termed the ‘‘ basal rate’’ of respiration, although it is 
not intended to imply that there are in reality two distinet types of respiration, 
‘*basal’’ and ‘‘wound’’. A very similar type of drifting respiration has been de- 
seribed for starving leaves (Godwin and Bishop, 1927) and for excised barley em- 
bryos (Barnell, 1937), and it seems simplest to assume that it is connected with the 
diminution of substrate concentration in the cells. In the case of the carrot slices 
it is to be presumed that the cutting and subsequent treatment have led to an in- 
crease in the substrate concentration?. Table 1 gives the recorded rates of respira- 
tion for a number of plant tissues, for purposes of comparison. 


TABLE 1. 
Tissue (Temp. 22-°5° C.) Mg.COz per 100 gm. fresh weight/hour. 

Carrot root, uncut 5-6 

Carrot root, freshly cut 30 

Carrot root, after washing for 300 hours in water 3-6 

Apple (Mature, Bramley) 4-6 

Cherry Laurel leaves, freshly picked 30-40 

Cherry Laurel 3 days in darkness after picking 2-8 


(2) It might be expected, from what has been said above, that when tissue 
which had been washed for more than 200 hours was transferred to the respiration 
apparatus, the respiration rate would approximate to the ‘‘ basal rate’’ (5-7 mg. 
100 gm./hr.), and that it would subsequently fall very slowly. This is not so. 
The initial rate of CO. output is always high at the beginning of an estimation 
period (i.e., immediately after transference to the distilled water in the respiration 
vessel) however long the period of the initial washing?. Nevertheless, the rate 





2 Hopkins (1927) has shown that, after wounding, both the total and reducing sugars in- 
crease in concentration in the potato tuber. In this tissue starch is abundant, and following 
wounding there is meri:tematie activity in the surface cells. In the carrot tissue used here 
there was little or no starch and no meristematic activity after cutting. (Berry and Steward 
(1934) imply that such activity is found in earrot slices, but I am unable to confirm this). The 
substrate referred to above may be a substance which cannot be distinguished, by ordinary 
analytical methods, from hexose sugar. 


3 The only exception to this statement is that given by Experiment 22, Fig. 2. These 
slices were washed for more than 600 hours; moreover they were obtained from very young 
carrots which were of a very different origin from that of all the others. 
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falls to the ‘‘basal rate’’ more quickly if the slices have previously been well 
washed, than it does in experiments of the type of P23. After about 200 hours of 
preliminary washing, the time taken to fall to the ‘‘basal rate’’ is only about 30 
hours, and a further increase of washing does not materially shorten this. 
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Fig. 3. The drift of respiration rate with time in three experiments in each of which 
there is a different time interval between cutting and the transference to the respiration ap- 
paratus. Temp. 22-5° C. Time of cutting in all experiments indicated by the arrow. 

P23: slices washed 3-5 hours in running tap water. 
P16: slices washed 190 hours in distilled water. 
P13: slices washed 240 hours in distilled water. 


This rather complex situation is illustrated as follows. In P23 (Fig. 3), after 190 hours 
in the respiration vessel (about 194 hours from cutting) the respiration rate was about 6 mg./ 
hour. In P16 (Fig. 3), the dises having also been washed for 190 hours in distilled water, but 
only then transferred to the respiration vessel, the initial rate of respiration stood at 11 mg./ 
hour. After a further 35 hours in the vessels, however, the rates of respiration for both P23 
and P16 were approximately equal, about 5 mg./hour. A similar effect is shown in Fig. 3 by 
the curve of P13, and examination of Fig. 2 will provide further illustrations of the same kind. 


The initial high rate of respiration in freshly-cut carrot tissue is ascribed to 
the stimulation caused by cutting, washing and handling, and possibly also by the 
uptake of water by the carrot slices. (Tissue prepared in the way described, and 











278 JOHN S. TURNER 


placed in water, takes up water to the extent of about 25 p.c. of its initial fresh 
weight.) There is also the possibility that ion uptake during the washing period 
is a cause of the high respiration rate. It is now well-known that respiration rat« 
is linked with ion uptake or exchange, and the Cambridge tap water used for wash- 
ing the slices had a high ionic concentration. 

The high rates of respiration obtained initially with well washed tissue (as in 
P13, P16, Fig. 3) may be due to ‘‘contact’’ stimulation of the tissue, possibly aug- 
mented by a temperature effect. 


’ 


The ‘‘contact stimulus’’ which is of necessity caused when the slices are roughly dried, 
weighed and transferred to the respiration vessels is almost certainly one cause of these 
initially high rates. Such a stimulation of respiration by contact is a phenomenon well known 
to physiologists (Audus, 1935; Barker, 1935; Godwin, 1935), although it is little understood. 
Its extent in the case of carrot tissue is shown by certain experiments illustrated in Fig. 4 
(P23, P24). The respiration rate having been measured over a period of hours, the tissue 
slices were removed and, after treatment, returned to the respiration vessels in fresh dis- 
tilled water. The curves show clearly that by even slight disturbance, as when the original 
water is simply replaced by fresh (at a slightly lower initial temperature), a significant rise in 
the respiration rate is caused. If the tissues are, in addition, subjected to a period of washing 
under the tap, a much greater stimulation of the rate is apparent. The effect is transitory, 
but the initial rate is not regained until some 20 to 30 hours have been passed in the respiration 
vessel following the change. 

The initially high values in experiments of the type of P16, P13, may also be due partly 
to a temperature effect; the slices were usually washed at laboratory temperature (about 18° 
C.), while their respiration was measured at 22-5° C. Even a small change of about 5° C. 
might cause an alteration in substrate interrelationships. The equilibration of the tissues to 
the new temperature was rapid, taking at the most 30 minutes, but the equilibration of the 
concentrations of substrates might well take many hours (see Barker’s work on potato sweet- 
ening, 1933). Some light is thrown on this aspect of the subject by an examination of the 
curves of Fig. 2. Here all the values of respiration rates obtained during the first 30 hours 
in the apparatus are plotted as open circles (0), while later values are plotted as closed circles 
(@). These latter, which, it is supposed, represent the respiration not concerned with any 
transitory stimulus such as that caused by contact or change of temperature, show less scatter 
than the others, and a broad curve drawn through them may be taken as giving the respiration 
drift of wounded (cut) tissue. About half of the open circles would lie outside this curve. 
We may now note: 

(i) Of the well washed tissue, P11, P12, P13, P15 were all aerated, previous to estima- 
tion, in distilled water at laboratory temperature, while P20, P21 were washed in 
tap water at this temperature. The eight curves are similar as regards the existence 
of an initial fall in rate, and it is thus probable that tap water as opposed to dis- 
tilled water is not an important factor. 

(ii) In P17, P18, P16 a, b the slices were all aerated in distilled water at 22-5° C. pre- 
vious to estimation. In these therefore the only change at the beginning of estima- 
tion is the transference to fresh medium and the handling during weighing. All 
these curves show the initial high value and rapid fall in rate, but it is to be noted 
that in these curves one open circle only would lie above the curve drawn through 
the closed circles. As in the results treated in (i), all the open cireles lie above this 

curve, there is at least a suggestion that the temperature change is partly respon- 
sible for the initial high rates of respiration in well washed tissues. 
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It may now be shown that the general features of the respiration rate-time 
curve are not primarily connected with the fact that the tissue slices are in water. 
Thus in Experiment P3, Fig. 2, the first of the whole series, the dises, after a brief 
initial washing, were supported on damp muslin, and a stream of air was passed 
over them. The rate of respiration and the fall in rate with time do not differ 








23 ed ae ~ 
16 = - = 
a # 2 








4 
ose & & BD 


FR. WT. PER HOU 
o oa 5 











Ma. COz PER 100 GM. 


P24 
(b) 


aos S & GB 





> ® ® 


tf 























10 
HOURS 


Fig. 4. The drift of respiration with time affected by handling and transference to fresh 
media. Numbered letters indicate the experiment from which the record was taken. The 
maximum percentage rise in rate caused by the treatment is given above each curve. The 
time of treatment is indicated by the vertical line. 


P23 (a), (b): slices transferred to fresh distilled water. 

P24 (a), (b): slices washed in tap water 24 hours, and then replaced in fresh distilled water. 

P23 (c): slices placed in contact with exudate from some freshly-cut tissue for 30 mins., then 
washed for 24 hours in tap water and replaced in fresh distilled water. Temp. 22°5° C. 
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fundamentally from those reeorded for experiments in which the slices were aera- 
ted while submerged in distilled water. Again, in two special experiments, the 
slices, after normal washing and aeration in distilled water, were drained and 
placed while still damp in a glass tube kept at 22-5° C. Air was drawn througl 
this, and the oxygen uptake and respiratory quotient (R.Q.) determined by a gas 
analysis method. The respiration rate-time curves so obtained were closely similai 
to those given by the Pettenkofer experiments, in which the slices were suspended 
in aerated water. 

The ‘‘basal’’ rates of respiration attained after prolonged estimation differ 
considerably from one sample to another (Fig. 2), although a broad falling curve 
may be drawn through them all when arranged on a common time seale. Consider- 
ing the varying ages and origin of the roots from which slices were taken, this is 
not surprising ; not enough data are available here to determine whether the actual 
age of the tissue (as distinct from the length of washing) has any effect on the 
‘*basal’’ rate of respiration. 

[t is clear that sliced carrot tissue offers convenient material for physiological 
research. It remains healthy over long periods even when exposed to bacterial in- 
fection. The opportunity arises of investigating the metabolism of tissue with 
widely different rates of respiration, while the use of paired sets of material treated 
in the same ways allows close control. The continuous current (Pettenkofer ) 
method is obviously suitable for work of this kind, if only to investigate the effect 
of wounding on respiration and fermentation. The value of long experiments 
lasting several days is obvious in the data so far presented. These experiments are 
also useful when we turn to investigate the value of the manometric method in the 
study of tissue respiration. 


Manometric Experiments. 


Such experiments were undertaken for the determination of the R.Q., and for 
investigations on the effect of iodoacetate on respiration (Turner, 1938b). On the 
whole the results obtained in manometric apparatus confirm those obtained by the 
continuous current method, but certain differences are worth comment. 

In Fig. 5 the respiration rate-time curves obtained in short manometric ex- 
periments are plotted on the same seale as that for a typical Pettenkofer experi- 
ment. The oxygen uptake has been converted into CO,-output assuming an R.Q. 
of 1-00 (see later). Zero represents the time at which all the slices were cut. Over 
the range covered we may conclude: (1) The rates of respiration measured in the 
manometric apparatus are always above the ‘‘basal’’ rate, and are of the same 
order as rates given by comparable tissue in the Pettenkofer apparatus. The mean 
rate of respiration in these experiments (each of which lasts 3-6 hours) falls as the 
time of preliminary washing is increased, in the same manner and at about the 
same rate as in the Pettenkofer experiments (Fig. 5). 
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’ 


(2) The ‘‘manometric rates’’ of respiration always increase during the first 
(-6 hours of the experiments, although the rate of increase falls off with time. 
-rolonged experiments (Fig. 15) suggest that the rate subsequently falls, as one 
‘ould expect from the curves of Fig. 1. 
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Fig. 5. The effect of cutting and washing on the respiration rate and the R.Q. Temp. ' 
22-5° C. 
Broken lines: curves obtained in continuous current apparatus, the slices in aerated water. 
Closed lines: curves obtained in short manometric experiments; the slices in water equili- 
brated with 100 p.c. oxygen; also the RQ obtained in these experiments. 


(3) Random samples of slices from one stock give closely similar rate-time 
eurves (Fig. 15). ; 
(Fig. 15) 
These manometric (M) experiments are obviously not adapted for the prim- 


ary study of the drift in wound respiration over long periods of time. The follow- 
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ing considerations may help to explain the principal difference in the results o} 
tained by the two methods, ‘‘manometric’’ (M) and ‘‘continuous current’’ (P 
i.e. the rising rate of respiration in the short manometric experiments. 


(i) The slices in the manometric experiments are smaller than those used in Pette: 
kofer work, and, if the wound effect is a function of the surface area exposed, 
will be greater in the smaller discs. 

(ii) Each M. experiment is immediately preceded by blotting and handling of the slic« 
and by a slight increase of temperature (approx. 5° C.). Moreover, each expe 
ment lasts usually 3-6 hours only. One is therefore meauring the respiratio 
during the period of initial stimulation, when, as we have shown, the rate is hig 
and oscillatory. The first readings in some of the P. experiments are often below 
the maximum, and two of these three-hour readings cover the entire range of au 
M. experiment. 

(iii) The slices are shaken in the vessel throughout the course of M. experiments, and it 
is quite possible that this causes some continuous stimulation of the respiration. 

(iv) In most of the M. experiments the water and slices were equilibrated with pur: 
oxygen only 30 minutes before the first reading. It is known that oxygen increases 
the rate of respiration in carrot, the effect reaching its maximum only after some 
hours. This is shown in the graph of M12 (Fig. 4) Turner, (1938a); but in this 
experiment rising rates of respiration were also given by slices equilibrated with 
air. Although the oxygen may contribute to the effect it is therefore not primarily 
responsible for it. 

(v) The rise in the rate in M. experiments is certainly not due to bacterial activity. 
Comparable samples give closely similar curves. Although the slices and liquid 
cannot be shown to be completely sterile, it is not possible to demonstrate in them 
the presence of bacteria in numbers sufficient to affect the oxygen uptake. 

(vi) The rise is not due to some form of apparatus lag; as for instance to a more rapid 
absorption of CO, by the baryta during the later stages of the experiment: the first 
10 minute reading in an experiment may not be trustworthy, owing to an imperfect 
temperature and oxygen equilibration, but the later readings give a true measure 
of the actual oxygen uptake (Turner, 1938a, p. 239). 


It is concluded that the results obtained with the Pettenkofer apparatus are 
confirmed by manometric experiments, but that these latter, whatever their virtues 
in other respects, lack the advantages of a continuous current apparatus in an ex- 
periment of prolonged duration. 


THE EFFECT OF VARIOUS FACTORS ON THE RATE OF 
RESPIRATION, 

We have already seen that, when the carrot tissue is wounded, by being cut 
into slices, its respiration rate is greatly enhanced. The main purpose of this work 
was to study the inter-relationship between respiration and fermentation, and one 
of the methods of approach was to alter the respiration rate and then determine 
what correlation existed between the increased rate and that of fermentation. In 
the presence of glucose, nitrate and methylene blue the respiration rate is shown 
to rise above the value in water. These factors will now be dealt with briefly in 
turn. 
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The effect of glucose solution. 


When carrot slices were transferred from water to glucose solution their respiration rate 
‘ose, and reached in about four hours a fairly steady value, maintained for some hours. In 
"ig. 6 are grouped the results of six experiments. The figures for each curve are multiplied 
by factors, Fl, F2, ete., respectively, in order to bring the initial respiration rate to an 
irbitrary figure of 10 mg./100 gm./hour. In all these Pettenkofer experiments the true 
nitial rate of respiration was below 10 mg./100 gm./hour, so that the effect of glucose on 
freshly-wounded tissue is not demonstrated here. 
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Fig. 6. The effect of glucose on the respiration rate. Each curve multiplied by F to 
bring the initial OR te 10 mg./hour. 


Expt. Glucose solution, p.c. F. Applied at. 
P20A 5 1-89 S; 
P23A 2°5 1-03 8; 
P23C 2-5 1-11 8; 
P9 2°5 1-71 S; 
P25B 1 1-82 Se 
P25A 1 1-67 So 


In P9, P20, P23, the increase in rate brought about by 5 p.c. and 2-5 p.c. glucose solutions 
is approximately 80 p.c. of the initial rate, and these curves overlap in a way that suggests 
that the increase in rate is proportional to the initial rate rather than to the strength of the 
glucose sclution. In a later experiment, however, P25, a 1 p.c. solution of glucose caused an 
increase of about 150 p.c. of the initial rate: whether this greater effect was connected with 
the less concentrated solution, or with the use of a different stock of carrots, is not known. A 
systematic study of the effect of glucose concentration on the rate has not been made. 

In manometric experiments, the slices were transferred from water to glucose solution 
some time before the experiment began. The rates of oxygen uptake then measured were all 
high (amongst the highest obtained in any experiment) and they rose with time4. In terms 
of carbon dioxide output, assuming an R.Q. of 1-08, the rates thus measured varied between 
30 and 50 mg. CO./100 gm. fresh weight/hr. with a mean at 38 mg./hr. The highest rate 
measured in the Pettenkofer apparatus was 32 mg./hr.: the highest rate in M. experiments, 








4 Possible causes of this have been discussed. In addition the slowly-rising rates may now 
in part be due to the glucose, which is known not to cause its full effect under several hours. 
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with the tissue in water, was 33 mg./hr. It therefore appears that glucose raises the respir 
tion rate even of freshly-wounded tissue, for that used in these manometric experiments w 
washed for less than 100 hours. 

Boswell and Whiting (1938) state that ‘‘in the absence of (bacterial) infection additi: 


of glucose has no effect on the rate of respiration’’, and they ascribe such results as are d 
scribed above to ‘‘a difference in technique’’. However, they give no figures which suppo 


their view. 
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Fig. 7. The effect of sodium nitrate on respiration. The carrot slices were washed in 
water for 242 hours and transferred to the apparatus, in distilled water at zero hour. At 
point N,, B was given M/10 NaNOs, A, M/500 NaNOx. At No, A was given a second dose of 
M/1000 NaNO,. The figures for curve A at Ny, Ny give the ‘excess CO.’’ evolved as a 
result of adding the nitrate. Temp. 22-5° C. 


The effect of nitrate solutions. 


The effect of nitrate on respiration is, superficially at least, similar to that obtained with 
glucose; the rate of respiration is greatly increased. I[t rises to a maximum within 10 to 15 
hours, and then falls again; if the concentration of nitrate is high, an enhanced rate is main 
tained for many hours. 

When the concentration of nitrate was low, the effect was small and transitory, as in P13 
(Fig. 7). Here a concentration of sodium nitrate of M/1000 caused an initial increase of 
60 p.c. of the normal; in ten hours the rate had fallen again to the norma! rate in water. <A 
solution of M/500 nitrate caused an 80 p.c. increase in the rate, and the fall to the normal 
rate (air-line value) now occupied 20 hours. In these two experiments it may be shown that 
the amount of extra carbon dioxide evolved during the period of increased retpiration is ap- 
proximately proportional to the amount of nitrate given. Whatever the cause of the increase 
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n rate, it seems that the nitrate is removed from the tissue by a reaction linked with the 
‘espiration. 

Stronger solutions caused a greater increase in rate; concentrations of M/50 and M/10 
litrate (Figs. 7, 8) caused maximal rises of 180 p.c. of the initial rate, this being reached 
sooner in the case of the stronger solution. In both these experiments the rate of respiration 
subsequently fell, but not to the ‘‘air-line value’’. In P12, 30 hours after the addition of 
M/50 nitrate, the rate became fairly steady and was still 80 p.c. greater than the rate in 
vater: addition of further nitrate (M/50) now had little effect on the respiration (Fig. 8). 

These experiments are of great interest in view of the work of Warburg and Negelein 
1920), and of Lundegirdh (1937), but they cannot be discussed in greater detail in this paper. 
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Fig. 8. The effect of sodium nitrate on respiration. The carrot slices were washed in 
water for 343 hours and transferred to distilled water in the apparatus at zero hour. At the 
point N,, A, Band C were given M/50 NaNOsz solution. At the point No, B and C were given 
fresh M/50 NaNOsg solution. At the point Ng, B was given fresh M/50 NaNOsg solution. 


The effect of methylene blue. 


In two experiments, methylene blue at a concentration of 1/10,000 ¢.c. was shown to in- 
crease the rate of respiration of well washed slices by as much as 360 p.c. The maximum rate 
was attained after 12 hours, and the rate subsequently fell slowly, just as in the experiments 
with strong nitrate solutions. During this time the slices took up the dye from the solutions, 
and remained a deep blue colour so long as oxygen was present. It seems probable that the 
dye acts as an accessory oxygen carrier in respiration and suffers no permanent change in 
the tissues. This almost certainly does not apply to nitrate, which disappears from the tissue. 
It is of interest therefore to find three substances, glucose, nitrate and methylene blue, each 
probably playing a different part as a metabolite and yet all having a very similar effect on 
the respiration rate. This is a reminder of the danger of basing hypotheses only on the facts 
obtained from simple respiration experiments. 


THE RESPIRATORY QUOTIENT UNDER VARIOUS CONDITIONS. 
The R.Q. of carrot slices has been measured by two manometric methods (Tur- 
ner, 1938a) and also, occasionally by a continuous current technique (Watson, 
1932). We may summarize the results as follows: 
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R.Q. in water, equilibrated with oxygen. 


The R.Q. of carrot tissue in distilled water under an atmosphere of pure oxygen is ver 
slightly above 1-00. As Table 2 shows, the average value in eight experiments was 1-02. T! 
R.Q. of the slices washed for two hours after cutting is not significantly greater than that 
slices washed for 66 hours (see also Fig. 5). In these first eight experiments all the carrot 
were of one stock, and they were removed from low temperature storage during the ear! 
months of storage. In each the four separate experiments also recorded (Table 2) the R.¢ 
was significantly higher than the mean of the other experiments. These slices were obtain: 
from a different stock which had been 6-8 months in storage; the high R.Q. might be due ¢ 
the different nature of the roots, or to their age: such an alteration in R.Q. is recorded fo 
apples at the end of their storage life (Thomas and Fidler, 1933). 

We have already presented data (Turner, 1938a) to show that the existence of an R.Q 
greater than 1-00 is not due to incomplete aeration of the slices, or to too great a slice-thick 
ness. Some confirmation of this view is provided by two experiments with the Watson con 
tinuous-current apparatus. Here the slices were not submerged in water, but were expose: 
to a stream of air, and they were of the larger size used in P. experiments. In W10 the R.Q 
as thus measured was 1-04, and in W14 (40-hour experiment) it averaged 1-08. In thes 
experiments the slices were washed for 53 and 290 hours respectively. It is apparent that the 
R.Q. of carrot slices is above 1-00 even when the tissue is fully aerated. The hypothesis that 
the extra CO, evolved comes from a fermentation process is substantiated by unpublished 
data kindly supplied to me by Dr. El Gawadi, who has shown that aerated carrot slices in 
water produce alcohol in quantities which fit with an R.Q. of 1-01 to 1-13. 


R.Q. in distilled water, equilibrated with air. 


The R.Q. in water under about 21 p.c. oxygen is not significantly different from that 
in oxygenated water (Table 3). In the three recorded results the R.Q. was actually =— 
1-0, but it is to be expected that more experiments would show a mean R.Q. slightly above 
1-0, as is the case for oxygen. In many of the Pettenkofer experiments the respiration rate 
was determined by an estimate of the CO, output of slices in water through which passed a 
stream of air. It appears from Table 3 that such tissues are adequately aerated, and that the 
CO, output in such experiments is a sufficiently accurate measure of the respiration. 








TABLE 2. 

R.Q. (Method of Dickens 
Expt. Date. Hours washed. and Simer (1930). 
M1 3/11/32 1-75 1-06 
M3 8/11/32 1-5 1-03 
M12v 24/1/33 14-0 0-97 
M5dv 15/12/32 21-0 0-99 
M4 9/11/32 23-0 1-02 
M2 4/11/32 26-0 0-99 
M10ii 17/12/32 66-0 1-04 
Mllii 31/1/33 ? 1:03 S= 0-03 

Mean 1-02 (S.E. = 0,01) 

M31 16/3/34 428 1-10 
M30ii 11/5/34 45 1-08 
M30iv 11/5/34 45 1-08 
M30v 11/5/34 45 1-08 


= standard deviation; S.E, = standard error of the mean. 
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TABLE 3. 


Expt. Date. Gas. Hours washed. R.Q. 
M12v 24/1/33 100% 0 14 0-97 
M12iii 24/1/33 Air 14 0-98 
Ml2iv 24/1/33 Air 14 1-00 


TABLE 4. 


Expt. Date. Solution. R.Q. 
M13vi 29/1/32 5% glucose 1-09 
MBii 5/12/32 1% ‘«s 1-10 
M5div 5/12/32 > — 1-06 
M6ii 8/12/32 | 1-07 
M7ii 10/12/32 mm - > 1-07 
MBii 13/12/32 1% * 1-06 
M9ii 15/12/32 2°5% ,, 1-09 
Ml6iv 14/2/33 2-5% ,, 1-07 
Ml6v 14/2/33 2°5% ,, 1-09 
M18iii2 17/2/33 2°5% ,, 1:09 S=0-014 


Mean 1-08 S.E. = 0, 005 


TABLE 5. 


Expt. Date. Solution. Gas. R.Q. 
M13vi 29/1/30 5% glucose Pure Oxygen 1-09 
M13v 29/1/30 oe. » Air 1-22 
TABLE 6. 
Expt. Solution. Gas. R.Q. 
M20 2-5% glucose 2-5% oxygen 2°5 
M13 5% ‘ 5% 99 3-06 
M22 2 a 0°5% ,, 4°8 
M14 25% =, 5% ” 


The R.Q. in glucose solutions, equilibrated with pure oxygen. 


As Table 4 shows, the mean R.Q. of slices in glucose solutions, under an atmosphere of 
oxygen, is 1-08. The difference between the R.Q. of tissues in water and in glucose is statistically 
significant. From the ten sets of data of Table 7, and the first eight of Table 5, we calculate that 
t = 5-83 and P < 0-01. 

It may be pointed out that these R.Q.’s are calculated on the assumption that the solubility 
of CO, is the same in the acid solution, with or without the glucose. The solubility might 
certainly be lower in the glucose solution, and a correction for this would lower the value of the 
R.Q. in Table 4. But the decrease in solubility necessary to alter the caleulated R.Q. from 1-08 
to 1-02 in such experiments would be 20 p.c. and such a large change seems extremely improbable. 
[It is taken that the high R.Q. of carrot slices in glucose solutions is real, and that it is very 
probably due to an increase in the rate of aerobic fermentation. 


R.Q. in glucose solutions, equilibrated with air. 


In Table 5 are given the very scanty data available. It seems probable that the slices in 
glucose under air show a higher rate of fermentation than when they are oxygenated. It will be 
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remembered that in a few of the Pettenkofer experiments an air current was passed through 
suspension of slices in glucose solution, and it is now clear that the carbon dioxide output of su 
tissues is in part due to aerobic fermentation. In such experiments it would obviously be bett 
to pass a stream of oxygen through the liquid. 


R.Q. in glucose solutions, equilibrated with oxygen at low concentration. 


Enough data has accumulated to suggest that the partial pressure of oxygen affects the ra 
of respiration throughout the range of concentration from 0-100 p.c. In concentrations bel: 
10 p.c. (at least) the R.Q. is also affected, although the ‘‘extinection point’’ for fermentati 
has not been accurately determined. Table 6 summarizes the results obtained for low oxyg: 
concentrations: in these experiments the rate of oxygen uptake was low and practically consta) 
throughout. The high R.Q. is presumed to be due to the accompanying fermentation. 


R.Q. as affected by nitrate solutions. 


The R.Q. of slices in nitrate solution has not yet been measured in the manometric apparatu 
That of tissue placed in air after its respiration rate had been raised by an application of nitrat 
has however been measured in the Watson apparatus. In W12 the R.Q. averaged 1-04 over 40 
hours. In W14 the R.Q. measured at 2 hour intervals following the draining off of the M/50 
nitrate solution was 0-87, 1-12, 1-20, 1-15, 1-03. It thus appears that nitrate perhaps raises 
the R.Q. slightly, and not permanently. Warburg and Negelein (1920) have reported that nitrate 
solutions raise the respiration rate of green algae, without affecting the R.Q. It is intended to 
investigate this problem further at a later date. The results so far obtained are not discussed 
here as they do not bear on the main subject of the paper. 


THE FERMENTATION OF CARROT TISSUE AND THE AFTER- 
EFFECT ON RESTORATION TO AEROBIC CONDITIONS. 


Carrot slices in water through which nitrogen is bubbled live for several days 
in a healthy state, evolving carbon dioxide and forming alcohol. Wetzel states 
that the ratio of the CO» to the alcohol is that characteristic of true alcoholic fer- 
mentation ; this result is confirmed by unpublished estimations by Dr. El Gawadi. 

The rate of CO. production in nitrogen varies according to the state of the 
tissue, and it often increases with time, at least during the early part of the anaero- 
biosis. Experiments were conducted in which the period of the initial washing of 
the slices Varied greatly, and at first the peculiarities of the NR-time curves seemed 
to bear no relation to any known property of the tissues. When a sufficient number 
of experiments had been concluded, however, it became possible to harmonize the 
apparently discrepant results and to suggest a hypothesis which should be useful 
in further work. In this section we present the salient features of the NR-time 
curves and of the so-called ‘‘after effect’’. Following Blackman (1928) we use 
abbreviations : 

NR = rate of CO. output in nitrogen. 
OR = rate of CO. output in any oxygen concentration above the extinction point. 


INR = initial NR at the moment of transition to nitrogen, derived by extrapolation 
of the NR-time curve. 
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The Absence of Significant Bacterial Contamination. 


Steward, Berry and Broyer (1936) have stated that ‘‘an increased respiration 
(in earrot slices) associated with decreased oxygen concentration was never ob- 
served when the tissue was kept healthy and free from infection’’. And again 
‘‘there is clearly no indication of increased CO. output caused by reduced oxygen 
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Fig. 9. Evaluation of the ratio OR/INR. Rate time curves (type 1) of CO, output from 
carrot slices, in distilled water. At time O pure nitrogen is passed. The first reading of the NR 
is disregarded and the NR-time curves are extrapolated back to the line No to give INR values. 
Corresponding OR values are given by the intersection of OR-time curves with this line. Details 
in Table 7. All these tissues are in water. Temp. 22-5° C. 


concentration. Even should this appear at still lower O. pressures it would have 
no significance if it were due to aerobic organisms present as contaminations’’. 
These authors did not work with oxygen concentrations below 2-65 p.c., which 
incidentally is probably below the extinction point for carrot tissue. In view 
however of the opinion expressed by Steward and his co-workers, it is necessary 
to give the following reasons for the present author’s belief that the NR-time curves 
to be described are not affected by bacterial contamination : 

(a) When bacteria were present in sufficient numbers to affect the 3-hourly readings they 
eaused cloudiness in the medium and all such experiments were discarded. In check experiments 
there was no appreciable CO. output from clear media. 

(b) Although the NR rises at first with time (which suggests contamination), it usually 
becomes steady or falls again after the preliminary rise. The form of these curves (Figs. 9, 10, 


11, 13) is not that given by a colony of growing bacteria. Moreover a rising NR-time curve has 
also been reported for uncut carrot root. (Choudhury, 1939). 

(e) A raised NR is invariably associated with a raised OR following the return of the tissue 
to air, and the OR-time curve then slowly returns to the original prefermentation,level (Fig. 13). 
If anaerobes had developed during the period in nitrogen, we should expect, on return to air, a 
sudden elimination of their respiration or, assuming facultative aerobiosis, a continued high rate 
of OR. 
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Fig. 10. Evaluation of the ratio OR/INR (Type 1). As Fig. 9, except that the tissues 
are immersed in glucose solution. Details in Table 7. 
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Fig. 11. Evaluation of the ratio OR/INR. Curves of type 2, with low OR. All tissues 
in distilled water. As Fig. 9. Details in Table 7. 
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Pig. 12. Contrasted OR/INR time curves. 
P12C: earrot slices in M/50 NaNOg solution, showing the type 1 curve and the toxic effect of 
sodium nitrite (formed during anaerobiosis). 
P19: single carrot root uncut, in air and nitrogen. Type 2 curve on transition to nitrogen. 
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Fig. 13. Typical rate-time curves showing the rising rate of fermentation (NR) in nitro- 
gen and the recovery of OR to the air line (ALR) on transference of the tissue to aerated 
water after a period of anaerobiosis. Time of transference noted by vertical lines, 
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Tue Form oF THE NR-TIME CURVES. 
(a) Tissues in Water. 


Type 1, Fig. 14. When the OR previous to anaerobiosis is high, there is ; 
period of transition following the change to nitrogen, during which the rate o 
CO. output falls off from the high rate to the new lower rate NR. Evidence i 
presented later to show that this transition curve (Fig. 14ab) is descriptive of th 
gaseous equilibration taking place when the actual rate of CO. production in th 
tissues is suddenly lowered by transference to nitrogen. 
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Pig. 14. Contrasted OR-NR/time curves obtained with carrot tissue slices. 
Type 1, OR high, rapid transitional fall to low rate of NR. 


Type 2, OR low (basal), transition to NR fairly smooth. The vertical line marks the change 
to anaerobiosis. 





Type 2, Fig. 14. This is obtained in experiments in which the OR has reached 
the ‘basal rate’’ previous to anaerobiosis. The initial NR is now equal to or 
slightly above the final OR, and the transitional fall is absent or replaced by a rise 
(ed). 

Types 1 and 2. The curves of Figs. 9-12 provide examples of both types of 
curve. The rising curves of the NR following the transitional period have all been 
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extrapolated to zero hour in nitrogen to give a value for INR (see above). We may 
generalize, for both types : The NR-time curve rises rapidly from the INR. On the 
whole the rate of increase is greater the higher the previous OR. In a few long 
experiments the NR reaches a maximum after about 20 hours and then falls to a 
steady value usually above the INR. 

Blackman (1928) has shown that in the apple the NR curve falls with time. 
In the only experiment so far carried out with a mature uncut root of carrot, the 
NR remained fairly constant for 50 hours after a slight initial fall from the INR 
(Fig. 12). But rising rates of NR are described for uncut carrot roots by Choud- 
hury (1939). In this paper we are mainly concerned with the INR, but there is a 
need for a further analysis of the NR-time curves. In one experiment P25 the 
freshly-cut tissue was placed in nitrogen after only one hour’s washing. The form 
of the NR-time curve was entirely different from those already dealt with. The 
NR rose extremely rapidly to a very high value, and then fell equally rapidly to a 
rate below that of the air line of comparable tissue. After a period of aerobiosis 
this same tissue was again placed in nitrogen and a curve of type 2 was obtained. 
We have no explanation to offer of these changes in NR in nitrogen, and the prob- 
iem awaits further experimentation. 


(b) Tissues in Glucose, Nitrate, and Methylene Blue Solutions. 


The presence of glucose, given previously in air, does not materially affect the 
form of the NR-time curve described above. 

In Figs. 9, 11 are grouped results of experiments in which the tissue slices were in water, and 
in Fig. 10 we plot the results obtained from slices suspended in glucose solutions. These latter 
correspond to type 1, for the glucose in every case raises the OR above the basal value; they show 
the initial transitional rapid fall in CO. output, followed by a slower rise. In a few of these 
experiments the rate subsequently fell somewhat, as it did when the slices were in water. 

In two experiments (Fig. 12, P12c) the slices were in M/50 sodium nitrate 
solution during the transition to nitrogen. The curves are also of type 1, but the 
rise in NR takes place more rapidly than in most of the other experiments, and it 
is followed by a rapid fall towards zero. It has been shown that such slices form 
nitrite during anaerobiosis, and the form of the NR curve is presumably affected 
by the presence of this toxic agent. 

Preliminary experiments have also shown that methylene blue, which increases 
the OR, gives NR-time curves of type 1. 


(c) Manometric Experiments. 


Typical manometric experiments are grouped in Fig. 16. The range of the 
NR curves obtained by Pettenkofer experiments is also indicated here by the dotted 
lines. The curves resemble those of type 1. There is an initial fall in the NR, fol- 
iowed by a rapid rise after about three hours in nitrogen. The OR previous to 
the transition was not measured in these experiments, but on general considera- 
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tions one would expect it to be above the basal rate, as these slices were washed for 
comparatively short periods. The main difference between manometric and Pet- 
tenkofer data is that the pitch of the NR curves in the former is higher. The most 
probable reasons for this may be summarized : 


In the manometric experiments : 


(i) the time of washing was usually shorter, and there is a positive correla- 
tion between length of washing and the pitch of the curves; 
(ii) there is contact stimulus of the slices immediately preceding anaero- 
biosis ; 
(iii) the slices are continually shaken. 
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Fig. 15. Manometric experiment; five sets of carrot slices in water at 22-5° C. OR-NR/ 
time curves, showing the transition (type 1) from OR to NR. No. 6 remains in aerated water 
throughout. At M the alkali is removed from the vessels. Nos. 2-5 are given nitrogen at N. 
At X the gas stream is stopped; acid is tipped on 2, 4, to liberate all the contained COs; 3 and 
5 continue to ferment. At E, F it is presumed that the apparatus is measuring the fermenta- 
tion rate. At Y, acid is tipped on 3, 5 and the evolution of CO. measured. B, D represent 
extrapolated INR values. See appendix for details. 


A question therefore arises—is it possible to obtain quantitatively the same type 
of result with the manometric apparatus as with the Pettenkofer if the conditions 
of the experiments are made closely comparable? This question is answered in the 
affirmative by the result of experiment C5, Fig. 15. 
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Here the slices were washed for 164 hours and the OR was measured just before the change 
to nitrogen. There was no handling of the slices immediately before the period of the anaero- 
biosis. As shown in Fig. 15 the OR in all five sets of slices showed the usual rise in rate already 
described, and as we should expect from Pettenkofer experiments, this rise was not maintained 
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Fig. 16. Typical NR-time curves (type 1) obtained with the manometric apparatus. 
Slices in distilled water at 22-5° C. The dotted tines give the range of all such curves ob- 
tained with the Pettenkofer apparatus. 
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for more than 30 hours. The OR was high, between 18 and 19 mg./100 gm./hr. and we should 
therefore expect an NR-time curve of type 1. This is obtained (Fig. 15) and as shown in Fig. 16 
it lies within the range of the NR curves found by Pettenkofer experiments. 


It is concluded that differences observed between the results of manometric 
and Pettenkofer experiments are due mainly to the use of tissue in different states 
of wound or contact stimulation. 
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The Evaluation of INR by Extrapolation. 


In Part IV of this series we analyse the relation between OR and INR, and it 
is therefore important to justify the method we adopt to evaluate INR. In all the 
experiments, the first reading of the NR immediately after transition to nitrogen 
is influenced by equilibration phenomena. The establishment of complete anaero- 
biosis cannot be instantaneous owing to the large volume of medium and of carrot 
tissue. If we assume, too, that for any given rate of carbon dioxide production 
there exists in the tissue a certain internal carbon dioxide concentration, then on 
changing from a high OR to a low INR there should be an outward diffusion of 
‘‘extra CO.’’ immediately after transition, which would be measured as NR. It 
will be noted that in curves of type 1 (Figs. 9, 10, 12) the first ‘‘ NR’’ reading is 
always high and lies between the final OR and the INR obtained by extrapolation. 
The first two-hour or three-hour reading after transition is therefore always omit- 
ted in drawing the NR-time curve. In each experiment this curve is extrapolated 
back to the zero hour of nitrogen to give the value of INR. Typical curves are to 
be found in Figs. 9-12, and data extracted from them are given in Table 7 (Part 
IV). 

The extrapolations are made by eye and they cannot of course be accurate. 
It is thought, however, that they are at least as sound as those obtained for apples 
by Blackman (1928), for the transitional curve is shorter and the form of the NR- 
time curve usually simpler. Moreover, the individual values of the INR are not 
considered by themselves, the data being treated statistically. 

It might be thought that, in experiments in which the OR is high, a better ex- 
trapolation would be made possible by a shortening of the first reading. But a 
manometric experiment C5 (Fig. 15) in which readings were taken every 15 
minutes, shows that transitional effects probably modify the NR values for about 
two hours after the change to nitrogen. It appears that the outward diffusion of 
the extra CO. is relatively slow, and that the diffusion lag is a function of the 
tissue, not of the apparatus. It is therefore doubtful whether half-hour readings 
of the Pettenkofer apparatus would appreciably improve the extrapolations. 

In curves of type 1 (Fig. 14) we interpret the high value of the first NR 
determination as ‘‘extra CO.’’ diffusing from the tissue. We should therefore be 
able to show that the amount of CO. lost in this way (i.e. NR actually measured in 
the first reading minus the INR) is less than that actually present in the tissue at 
the moment before transition to nitrogen. 

Experiment C5 was planned for this purpose. The experimental details are 














5 Since the present paper was submitted, Boswell, J. G. and Whiting, G. C. (1940 Annals of 
Bot., 4, p. 1) have offered an explanation of the Pasteur effect in potato tissue, in which the 
high INR is supposed to be due to the liberation of bound CO, from the tissue during the first 
few hours of anaerobiosis. The experiments quoted here do not support this view and it is 
of interest to note that the two curves they publish, one for uncut tuber, one for tissue slices 
are similar to those described as type 2 and type 1 for carrot. This is brought out clearly if 
the two curves are plotted on the same scale. 
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rather complicated, and certain corrections have to be made; these will be found 
in the Appendix. But it seems fairly certain that the amount of carbon dioxide 
lost by diffusion is less than, or at the most roughly equal to, that present in the 
tissue before transition. It is of the order of 40 cu. mm. per gm. fresh weight 
when the OR is 25 cu. mm./gm./15 min. This experiment also shows that in mano- 
metric experiments in which pure nitrogen is used, the CO. evolved in fermenta- 
tion is in part retained by the tissue as the external concentration of carbon dioxide 
rises, so that an incorrect form of the NR-time curve is obtained. This does not 
apply to the continuous current method of the Pettenkofer experiments. 


THE AFTER-EFFECT ON RESTORATION TO AEROBIC CONDITIONS. 


It has been shown above that the final NR is greater than the initial rate 
(INR). This is ascribed to an increase in the rate of triosis® (glycolysis) brought 
about during the sojourn in nitrogen. One would expect to find this increased 
rate affecting the OR, on return to air. In his paper on the respiratory metabolism 
of the apple, Blackman (1928) points out that difficulties in the analysis of this 
after-effect are due to the following considerations. On entry of air following a 
period of anaerobiosis we should expect the rate time curve for OR to be modified 
by: 

(i) the rapid diversion of the products of glycolysis from their previous fate 
as NR to the new fate as OA? + OR; 

(ii) the slower change in triosis rate, lasting many hours, brought about by 
the change in gaseous environment ; 

(iii) the transitional effect masking the first two, caused by the relatively 
slow diffusion of gases into and out of the tissues. (This effect, con- 
sidered for the reverse transition from air to nitrogen, is discussed in 
the Appendix. ) 

(iv) the true ‘‘after-effect’’, a large and sudden production of CO. due to 
the oxidation of some accumulated product of fermentation. 


After analysis of his data, Blackman concludes that ‘‘in most metabolic states 
of apples there is no trace of ‘‘true after-effect’’ (iv) (though in several other tis- 
sues the effect is marked) ; he goes on to show that oxygen causes a slow increase 
in triosis rate (ii), and making allowance for (iii) he caleulates the OA by deter- 
mining the ratio, Final NR/Initial OR. 

Now for earrot tissue we have insufficient data at present to allow for the 
proper analysis of the after-effect. Typical results are presented in Fig. 13, and 
from these we draw the following provisional conclusions : 

In general the OR following anaerobiosis is above the air line (i.e. the rate 








6 For definition of triosis see Turner, 1937. 
7 For definition of OA see Part IV. 
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which would be expected if no period of anaerobiosis had supervened). It takes 
about the same time (20—40 hours) for the OR to fall from its high initial value to 
the air line, as it does for the NR to rise from its initial to its final value. It is on 
this account reasonable to suppose that this fall in OR accompanies a simple re- 
versal of the changes brought about in nitrogen, but there is no direct evidence on 
this point. Without further biochemical experiment we cannot decide whether the 
hump in the curve of OR recovery (shown in Fig. 13) is due to the existence of a 
true after-effect (iv) or not, and we are therefore not justified in carrying out ex- 
trapolations of these curves to determine values for ‘‘initial OR’’. 

As we have already pointed out, the form of these recovery curves is such as 
to suggest that the rising rates of NR are not explicable in terms of bacterial 
infection. 

Evidence has been presented (Blackman, 1928) to show that in apples there 
is a slow decline in triosis rate in nitrogen, while a rise in this rate is caused by air 
or oxygen. For carrot tissue slices we have shown that the contrary holds: in nitro- 
gen a rise in the rate of triosis occurs, and on the entry of air the rate falls again 
to its original value. The position is probavly very complex because preliminary 
experiments, not dealt with here, have also shown that a slow rise in triosis rate 
may be brought about when the tissue is transferred from air to pure oxygen. 


SUMMARY OF PART III. 


Immediately after cutting, the respiration rate of carrot tissue slices is high 
(30 mg. CO. /100 gm. fresh weight/hr.) and it drifts downwards with time, reach- 
ing a value near that for uncut carrot root (5-6 mg.) after some 200 hours. Certain 
features of this respiration drift are discussed. 

When the rate of respiration of such slices has reached a low figure, it is in- 
creased again by the addition of glucose, nitrate or methylene blue to the medium. 

The respiratory quotient of such slices in aerated water is very slightly greater 
than 1-0; the R.Q. is slightly raised in the presence of glucose unless the oxygen 
tension is increased. Wounding and washing have little or no effect on the R.Q. 
In low oxygen concentrations the R.Q. is much greater than 1-0 and aerobic fer- 
mentation occurs. Nitrate probably raises the R.Q. slightly, but the effect is not 
permanent. 

The fermentation rate shows marked changes with time, some of which are 
interpreted as transition effects connected with gaseous diffusion to and from the 
tissue: in general there is a marked rise in rate which is, however, not continued 
indefinitely. It is not explicable in terms of bacterial respiration, and the rate 
of CO, output eventually falls to the normal air line on the return to aerobie 
conditions. 

The method of determination of the initial rate of fermentation is discussed. 
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PART IV.—OXIDATIVE ANABOLISM IN TISSUE SLICES. 


In experiments described in Part III we measured the carbon dioxide pro- 
duction of carrot slices in aqueous media equilibrated with air or nitrogen. It is 
possible to obtain from the results the ratio of OR to INR for slices under varied 
conditions and in different physiological states. This paper presents an analysis 
of this ratio in terms of Blackman’s theory of oxidative anabolism. 

On the basis of experiments with apples Blackman (1928) has put forward 
the view that the Pasteur effect (that is the diminution in the net rate of sugar 
breakdown brought about in oxygen) is explicable on the assumption that when 
oxygen is present the products of triosis (glycolysis) are only in part oxidized. 
The remainder are supposed to be built back again, to some unidentified carbohy- 
drate by the process of oxidative anabolism which involves no gaseous exchange. 
A brief outline of other explanations of the Pasteur effect has already been given 
(Turner, 1937). Here we follow Blackman and interpret our results along his 
lines. We therefore make the assumption that equations (1) and (2) hold good. 


PO SEED oon 404 5s ie eV ereeied), Coe (1) 
ee A nic vec ctcecsnheNebaadp ins spend (2) 
where, in carbon units: 

Tr.(= GL) = rate of triosis (glycolysis in the Blackman sense). 

INR = initial rate of CO, output in nitrogen as determined by 
extrapolation. 

OR; = final rate of CO, output in air just before transition to 
nitrogen. 

OA = rate of oxidative anabolism. 


We have already quoted evidence in support of equation (1), which holds for 
all tissues in which normal alcoholic fermentation takes place. 


TABLE 7. 

Hours from OR 
Expt. cutting. OR,. INR. OA. INR. Medium. 
P23A 319 16-6 9-3 11-3 1-78 2-5% glueose 
P23C 299 16-2 7°6 6-6 2-13 2-5% glucose 
P25A 263 14-1 7°6 8-7 1-86 1% glucose 
P7B 95 12-2 7°3 9-7 1-67 Water 
P9A 313 12-2 9- 15-1 1-34 2-5% glucose 
P12A 430 11-3 5°6 5:5 2-02 Nitrate 
P8A 91 10-0 5-8 7-4 1-72 Water 
P12C 405 9-9 5:5 6-6 1-80 Nitrate 
P20B 503 9-4 5°7 7-7 1-65 5% glucose 
P8B 91 9-3 5-4 6-9 1-72 Water 
P6B 97 9-3 5°8 8-1 1-60 Water 
P5A 121 7°9 7-1 13-4 1-11 Water 
P5B 121 7°6 5°6 9-2 1-36 Water 
P9A 191 7-0 6-3 11-9 1-11 Water 
P9B 191 6-0 5-4 10-2 1-11 Water 
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TABLe 7 (continued). 


Hours from OR 

Expt. cutting. OR,. INR. OA. INR. Medium. 
P17B 454 3°8 4-6 10-0 0-83 Water 
P16B 334 3:7 5°3 12-2 0-70 Water 
P16A 334 3°6 4-4 9-6 0-82 Water 
P18A 693 3°5 4-4 9-7 0-80 Water 
P18B 693 3°4 3-8 8-0 0-89 Water 
PI7A 454 3°3 3-8 8-1 0-87 Water 
P19B Uncut 4-8 5-7 12-3 0-84 Air 

P19B Uncut 4-0 5-2 11-6 0-77 Air 


Tue Data INVOLVED. 


The data used here inelude all those obtained by the Pettenkofer experiments 
described in the preceding papers, in which the tissue slices were suspended in, 
aqueous media. There are two exceptions; P22 is omitted because an error in 
titration made it impossible to estimate INR by extrapolation. P25 is omitted be- 
cause the form of the NR-time curve differed fundamentally from that of the rest, 
corresponding with the fact that in this experiment only were the slices placed in 
nitrogen immediately after cutting. 

Use is also made of the results of Experiment 19 in which an uncut carrot root 
was used. Manometric experiments are not of value here, as data for OR, are not 
available. 

Table 7 gives details of these experiments and the relevant parts of typical 
examples, showing the extrapolations which determine INR, are plotted in Figs. 
9,10, 11,12. As may be seen from the Table, the period between cutting and an- 
aerobiosis varied from 91 to 693 hours. Some of the tissue slices were in water, 
some in nitrate solution, some in glucose solution. In all cases air was passing 
through the medium before the change to nitrogen. 


Tue RELATION OF OR To INR AND Its INTERPRETATION. 


From Table 7 we find that the ratio of OR/INR in these experiments is very 
variable, ranging from 0-70 to 2-13; it falls as the OR decreases. One way of 
representing the data graphically is given in Fig. 17. We plot OR first, making 
the points fall on an arbitrary straight line which falls from 17 units OR to 3. 
(The x axis may be assumed to be a log-time axis, line OR then representing the 
fall of respiration with time, but it should be remembered that some of the values 
of OR are high owing to the presence of sugar or nitrate). Now for each OR value 
we plot the experimentally ascertained INR value, on the same arbitrary scale. 
The line INR is that of best fit for the scattered points so obtained. Its slope is 
much less than that of OR, and the two lines cross at the point OR = 5-0. We can 
conelude that in freshly-wounded tissue, or in tissue treated with glucose or nitrate, 
the INR is considerably below the OR, while in well-washed slices, whose respira- 
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tion is ‘‘basal’’, the INR is greater than the OR. This also applies to uncut carrot 
root, where OR/INR = 0-7-0-8 (Fig. 12, Table 7). 

The data may be treated more quantitatively as follows. In Fig. 18 we plot 
the values of OR directly against those of corresponding INR. The correlation 
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Fig. 17. Graphic representation of the relation between OR, INR and OA. Values of 
OR (Table 7) are plotted along the straight line OR, and the values of INR are indicated on 
the corresponding abscissa as a round dot or triangle. The line INR is that of best fit through 
these points. The line OA is calculated from the other two by the formula 3INR = OA + OR. 
Ordinates, carbon units; abscissae, arbitrary scale. 


between these two variables is 0-85. Entering Fisher’s table at n = 19 (21 read- 
ings) we find that P<0-01, and the correlation is therefore highly significant. 
Incidentally this is a further argument against the assumption that all the NR 
values are modified by bacterial infection. It also justifies the following treatment 
of the results. There seems no reason for assuming that either the OR or the INR 
is the determining variable, and we therefore calculate both regression lines, Y on 
x and X on y (Fig. 18, OR = y). 

Regression coefficient Y on x is 2-335; S.E. = 0-312. 

Regression coefficient Y on y is 0-312; S.E. = 0-042. 
From these regression coefficients and their associated standard errors we calculate 
that the fiducial limits for the lines representing the relation between OR and INR 
would be such that the tangent of the angle made by the line with the OR axis 
would lie between 0-270 and 0-494. All such lines would pass through the cen- 
troid, OR 8-6, NR 6-0. From these lines, using the formula 


3INR = OA + OR 
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we obtain the fiducial limits for the line representing the relation between OR and 
OA. In Fig. 19 these limits are CD, AB. 
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lines of Fig. 18 and the standard 
errors of these. 


Now in Fig. 19 any one of the lines between AB and CD may be the one which 
correctly represents the relation between OR and OA. We will take the two ex- 
tremes and the intermediate line EF in turn and construct the diagrams of Fig. 20 
from them. In this figure each complete rectangle represents the amount of triosis 
product formed in a standard time; the black parts represent that proportion 
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anabolized (in OA), while the white parts represent the proportion respired. All 
figures are given in carbon units. For each pair of rectangles (a) indicates the 
metabolic rates for uncut (or well washed cut tissue), (b) for freshly-wounded 
tissue (or well washed cut tissue in glucose or nitrate solutions). 
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Fig. 20. Diagrams showing three ways in which wounding may affect the triosis, the OR 
and the OA. Each pair of rectangles corresponds to one of the lines of Fig. 19, as indicated 
by the letters. Figures inside or beside the rectangles are those for OR (white areas) or OA 
(black areas). Figures underneath the rectangles give the ratio OA/OR for each. 


Rectangles on the left of each pair represent the relation OR/OA in well washed or uncut 
tissue: those on the right of each pair show the same for freshly-wounded tissue, or for 
washed tissue in contact with glucose or nitrate solutions. In each case OR is taken to in- 
crease from three units to 16 units. 


(i) Assuming AB (Fig. 19) to be the correct line, then, as Fig. 20 AB shows, 
we should have to conclude that, on wounding, the rate of respiration 
(OR) rises rapidly while the rate of OA is relatively much less increased. 

(ii) Assuming EF (Fig. 19) to be the correct line, then we should conclude 
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(Fig. 20 EF) that on wounding the rate of respiration rises while the 
rate of oxidative anabolism remains constant. 

(iii) Assuming CD (Fig. 19) to be the correct line, then we should conclude 
(Fig. 20 CD) that on wounding the rate of oxidative anabolism falls 
slightly as the OR rises (see also Fig. 17 OA). 


Statistically we cannot, without further data, decide which of these three pos 
sibilities is nearest the truth. But we can feel fairly certain that in carrot tissue 
the ratio OA/OR is not a constant independent of the physiological state of the 
tissue. The work of Blackman and Parija suggests that when the triosis rate in 
apples is raised (e.g. by the transition from air to oxygen) the ratio of OA/OR 
remains unchanged. The position seems to be very different for the carrot. It is 
relatively easy to increase the rate of triosis, either by wounding or by the addition 
of glucose or nitrate ; this increase is accompanied by a greatly increased rate of 
respiration. Concomitantly, however, the rate of oxidative anabolism may remain 
constant, it may fall slightly or it may increase slightly. Possible quantitative re- 
lationships are given in Fig. 20. These findings are not unexpected. Wounded 
tissue is generally regarded as being more active catabolically than anabolically, 
and direct evidence in support of this view is offered here. One might, however, 
draw the attention of those physiologists working on the effect of ion uptake on 
respiration to these results. In the interpretation of ‘‘ionic respiration’’ (Lunde- 
gardh, 1940 ; Hoagland and Steward, 1940) there is a general neglect of the Pasteur 
reaction and its possible implications. 


SUMMARY OF PART IV. 


If in uninjured carrot root the products of triosis are partly oxidized, partly 
anabolized (as in the Blackman scheme) then the ratio of OA/OR lies between 2-2 
and 3°-5. 

When the tissue is wounded by slicing, the rate of triosis is increased (doubled 
or trebled in these experiments). At the same time the rate of respiration is 
greatly increased (multiplied fivefold at a maximum). The rate of oxidative an- 
abolism meanwhile remains constant or, if it increases or decreases, it does so to 
only a small degree. In such heavily wounded tissue the ratio OA/OR may reach 
minimum values of 0-5. 

When such wounded tissue is well washed under aerobic conditions, the rate 
of triosis falls again and the ratio OA/OR returns to that characteristic of normal 
uncut tissue. If such well washed tissue is placed in contact with glucose or nitrate 
(and probably methylene blue) solutions, the rate of triosis is again raised and the 
ratio OA/OR again falls to that found in freshly-wounded tissue. 

The general conclusion is drawn that when carrot tissue is wounded (by 
slicing), the respiration rate is raised but the Pasteur effect is decreased. When 
the respiration rate of well washed tissue is increased by the addition of glucose 
or nitrate solutions, the Pasteur effect is at the same time diminished. 
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APPENDIX. 
TRANSITION CURVES. 
EXPERIMENT (5 (Fic. 15). 


It is to be demonstrated that when tissue is transferred from air to nitrogen, 
the readings of carbon dioxide output during the first two hours following transi- 
tion are modified by diffusion effects. The true initial NR is to be estimated only 
by an extrapolation of the later NR readings to the zero hour in nitrogen. 

In Experiment C5 (Fig. 15) the transition curve was established by readings 
every 15 minutes, and the two curves are drawn in full (AG, CH). The flat parts 
of these curves, EG, FH, reached after two hours are taken to represent the true 
fermentation rate, and are extrapolated back to the line XY. 

It is now assumed that the areas AEB, CFD, represent quantitatively the 
amount of preformed ‘‘carbon dioxide of diffusion’’, which is lest by the tissue 
merely by diffusion on transference from OR (high internal production of CO») 
to NR (lower internal production of CO»). 

If this assumption is justified, then the volume of ‘‘CO. of diffusion’’ should 
be less than the total volume of carbon dioxide present in the tissue at the time of 
transference to nitrogen. These volumes have been determined in the same experi- 
ment by tipping acid on to control tissue samples, and thus liberating the total 
carbon dioxide into the vessel. 

It is found that : 

**CO» of diffusion’’ — {36-9 cu. mm. 
. ) 39-9 cu. mm. 
Average 38-4 cu. mm. 
Total CO. by acid, imme- 


diately after the first — 
reading in No 


{ 42-2 eu. mm. 
) 59-6 eu. mm. 


Average 50°9 cu. mm. 


In this experiment all four sets of tissue were treated in the same way, and 
hence any carbon dioxide diffusion from the dises between the passage of nitrogen 
and the first reading will be approximately the same in amount. 

If the above figures are correctly interpreted, then we should find, on acidi- 
fying the fermenting tissues at the point Y, these should contain only about 50-9- 
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38-4 cu. mm. of carbon dioxide, i.e. about 12-5 cu. mm. The experiment showed, 
however, that these tissues liberated approximately 65 cu. mm. of carbon dioxide 
each. It is therefore to be assumed that as the carbon dioxide of fermentation ae- 
cumulates, the proportion retained by the tissue also increases. 

This means that the later fermentation rates measured in such a closed system 
apparatus are not accurate. Hence it follows that the extrapolation carried out 


, 


above is not strictly accurate. As the volume of ‘‘carbon dioxide of diffusion”’ is 
calculated on the basis of this extrapolation, this too cannot be accurate. It is 
concluded, however, that the figures for the total carbon dioxide and for the esti- 
mated ‘‘earbon dioxide of diffusion’’ are sufficiently close to make the above inter- 
pretation of the transition curves highly probable. 
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INTRODUCTION. 


Tobacco mosaic virus nucleoprotein forms very stable hydrosols. The separa- 
tion from such sols of paracrystalline fibres at suitable electrolyte concentrations 
has been described previously (Best, 1937a). The separation of aqueous solutions 
of the pure virus at concentrations of the order of two per cent. into two liquid 
phases (Bawden and Pirie, 1937) has been shown by the author (Best, 1939) to 
be governed by the concentration of electrolytes and virus at constant pH value 
and temperature. The range of concentration of electrolytes concerned in this 
relationship is small (a few milli mols). At lower virus concentrations and rela- 
tively high salt concentrations a third phase of the virus separates out of solution 
in the form of white (in bulk) paracrystalline fibres. A study of the conditions 
necessary for the separation of this phase and a comparison of the effects of various 
salts appeared likely to be of some importance, and the results of such a study are 
reported in this paper. 


EXPERIMENTAL METHODS. 


The virus used was prepared from the juice expressed from leaves of tobacco plants about 
six weeks after they had been artificially inoculated with a dilute solution of the pure virus. 
The plants had been kept in an insect proof glasshouse. The method used to isolate the virus con- 
sisted of a combination of precipitation with 15 p.c. (1-14 M) ammonium sulphate solution and 
isoelectric precipitation (Best, 1936). At no stage during its preparation had the virus been 
exposed to solutions with pH value outside the limits of 3-2 and 7-5. Dried preparations of the 
virus contained 16-6 p.c. nitrogen. 

A stock solution of active virus in water containing the equivalent of four milligrams of 
virus (on a dry weight basis) per millilitre, was used. Aliquots of 1 ml. each of this solution 
were pipetted into small thin-walled pyrex test tubes and were then mixed with equal volumes of 





1 Glasshouse facilities and part of the cost of these investigations are heing provided by the 
Council for Scientific and Industrial Research. 
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the salt solutions under test, so that the final concentration of virus was always 2 mg. per ml. 
This concentration was selected because it approximates to the concentration of virus in the juice 
expressed from leaves of diseased plants. The concentration of electrolyte in the stock solutions 
was also double that aimed at in the final mixture. Thorough mixing was brought about by invert- 
ing the tubes a number of times. The tubes were then placed in racks in a water bath controlled 
at 30-0°C. Here they were left undisturbed until observations were complete. 

The critical coagulation concentration was taken as that concentration of electrolyte which 
just brought about a distinct precipitation in 24 hours. 


In most cases the critical concentration could be clearly defined; often to with + 2 p.c. In 
the least sharply defined case the critical concentration could be determined with an accuracy of 
+ 5 p.c. of the stated value. 

Controlled pH Value. 

The pH value of the stock virus solution was 7, the stock being, in effect, a solution of the 
sodium salt of the virus (sodium virusate). 

All electrolyte solutions not naturally at pH 7 were adjusted to this value. In many instances 
the solutions were prepared by titrating the calculated amount of free acid with potassium or 
sodium hydroxide solution until a pH value of 7 was attained and then making up to the required 


volume. In some cases the pH value changed on dilution, and allowance had to be made so that 
the final pH value was as close as possible to 7-0. 


EXPERIMENTAL RESULTS. 
Character of the Precipitated Virus. 


With the majority of salts the virus precipitated at and near the critical con- 
centration was in the form of fibres or needle-shaped paracrystals. The appear- 
ance of some typical ‘‘needle’’ crystals is shown in Fig. 1. For all practical pur- 
poses the precipitates may be regarded as a solid phase (Langmuir, 1938) and will 
in future be referred to as such. The length and thickness of the fibres varied from 
salt to salt, and in a number of eases long fibres (compare Best, 1937b) were formed. 
The course of the precipitation was as follows. First a general turbidity appeared 
which gradually became more intense until the contents of the tube were opaque 
(‘‘opaque’’ stage). Next the precipitate settled to the bottom, the sharply de- 
fined sedimentation boundary becoming gradually lower. The rate of descent of 
the precipitate was (for any one salt) greater the greater the salt concentration, 
and varied also with the nature of the precipitating electrolyte (both cation and 
anion having an influence). When the precipitate had settled to the bottom of 
the tube (‘‘settled’’ stage) the fibres adhered strongly enough for them to form 
one long continuous spiral fibre bundle when the tube was gently but quickly 
rotated by hand. 


Thixotropy, Reversibility and Solubility of the Prectjntate. 


When tubes containing the solid paracrystalline fibres were shaken by hand 
either at the opaque or settled stages the precipitate was dispersed to submicro- 
scopic dimensions and the contents of the tube became water-clear by transmitted 
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light. On further standing the precipitate again went through the opaque and 
settled stages, but after a number of cycles the opaque stage was reached in a 
shorter time and the mass settled out more quickly, indicating that an ageing effect 
tends to enhance the ferces of coacervation. 
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Pig. 1. Photomicrographs* of paracrystalline needles of tobacco mosaic virus freshly 
precipitated from a 0-2 p.c. solution of the pure nucleoprotein in water (pH 7) with (a) potas- 
sium iodide, (b) potassium phthalate. (Both X 250). 


* Photographs by A. D. Cocks. 


At concentrations of electrolytes just short of the critical one the solutions 
set to a clear gel, which, however, was typically thixotropic in that it became fluid 
on shaking. This behaviour was more marked in the presence of the cations of 
higher valence. 

Those precipitates which were easily dispersed by shaking were also re- 
dissolved by simply diluting with distilled water. Some of the precipitates, how- 
ever (e.g. that produced by lanthanum salts) were irreversible in that diluting 
them did not redissolve and vigorous shaking did not serve to disperse them suffi- 
ciently to produce clear solutions. Precipitates produced by bivalent cations are 
reversible near the critical concentration, but in the presence of an excess of the 
precipitating ion the virus precipitate tends to become irreversible. It appears to 
be a matter of degree and speed of re-aggregation. 


The critical coagulation concentration for various cations is shown in Table 1. 
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TABLE 1. 


Critical Coagulation Concentrations of Various Cations for an Aqueous Solution 
of Tobacco Mosaic Virus Nucleoprotein at pH 7 and 30° C. 


Precipitating power 


Critical coagulation concentration (reciprical of 
Salt. equivalents per litre. coagulation concentration). 

KCl 0-58 1-7 
NH,Cl 0-50 2-0 
NaCl 0-48 2-1 
MgCl. 0-136 7°3 
BaCl. 0-116 8-6 
CaCl, 0-114 8- 

CeCly 0-0009 1100 

La( NOx): 0-00052 1900 


As would be expected, the valency rule holds, and in general the behaviour of 
the virus is similar to that of other protein sols. 

The critical concentrations of salts with univalent cations and a range of 
anions are set out in Table 2. 


TABLE 2. 


Critical Concentrations of Salts of Univalent Cations for Aqueous Sols of Tobacco 
Mosaic Virus Nucleoprotein, showing the Effect of Amions (pH 7, 30° C.). 


Critical coagulation concentration. Precipitating power. 

Salt. Molality. Equivs./litre. M. N. 
Potassium nitrate 0-86 0-86 1-16 1-16 
~ thiocyanate 0-74 0-74 1-35 1°35 

a. iodide 0-71 0-71 1-41 1-41 

eS bromide 0-65 0-65 1-54 1-54 

a chloride 0-58 0-58 1-7 1-7 

“ phthalate 0-50 1-00 2-0 1-0 
3 (salicylate ) (0-46) (0-46) (2°17) (2°17) 

= phosphate 0°43 0-86* 2-33 1-16 

om oxalate 0-35 0-70 2-86 1-43 

” malate 0-31 0-62 3°23 1-61 

” sulphate 0-275 0-55 3°64 1-82 
Sodium nitrate 0-65 0-65 1-54 1-54 
Pe succinate 0-51 1-02 1-96 0-98 

- acetate 0-50 0-50 2-0 2-0 

* chloride 0-48 0-48 2-1 2-1 

= tartrate 0-34 0-68 2-94 1-47 

o malate 0-31 0-62 3-23 -61 

o sulphate 0-23 0-46 4°35 2°17 

a citrate 0-175 0+525 5°71 1-90 
Ammonium acetate 0-53 0°53 1-89 1-89 

Ps chloride 0-50 0-50 2-0 2-0 

9” sulphate 0-26 0-52 3°85 1-92 


* Assuming that at pH 7 HPO,” predominates. 











ELECTROLYTES ON MOSAIC VIRUS 311 


It is clear from Table 2 that the nature of the anion may have a marked effect 
on the precipitating power of the salt. A lyotropie or Hofmeister series is evi- 
dent, the order of efficiency being (NO, )’< (CNS)’<I’<Br’<Cl’ , succinate, 
acetate < phthalate< phosphate < oxalate < tartrate << malate < sulphate < citrate, 
when compared (as is usual) on a molar basis. It would be more logical to com- 
pare the relative efficiencies on the basis of normalities (Table 2, columns 3 and 5). 
In such a comparison the order becomes : Phthalate, suecinate< (NOs )’, (HPO,)” 
<(CNS)’<I’, oxalate < tartrate< Br’<malate< Cl’, acetate, citrate, (SO,)”. 


Infectivity of Inocula Prepared from Precipitated Virus. 


Virus precipitated by salts of univalent cations retains its infectivity without 
loss as judged by the primary lesion method. Inocula prepared from virus which 
has been precipitated by bivalent cations produce fewer lesions than inocula pre- 
pared from untreated controls, except when the precipitation has only just begun, 
in which case there is no apparent loss of infectivity (e.g. BaCl. of Table 3). Be- 
fore inoculation the precipitated virus is shaken up and an aliquot is diluted one- 
thousandfold. This results in re-solution of the precipitate, but whether the fall- 
ing-off in the number of lesions produced in some cases is due entirely to a change 
in the state of aggregation resulting in fewer infective units is not known. Some 
typical results are set out in Table 3. 


TABLE 3. 


Comparison of the Infectivity of Tobacco Mosaic Virus Protein after being held at 
the Critical Coagulation Concentration of Various Salts for 40 Hours 
(30° C., pH 7). 


No. of lesions Percentage 

Salt. Control. Test. activity. 
KC! 101 98 97 
MgCl. 86 55 64 
CaCly 110 67 61 
BaCl,* 60 63 105 
CeCly 86 91 105 
La(NOg)a 92 75 81-5 


* 24 hours’ contact only in this case. 


Exceptional Behaviour of the Salicylate Ion. 


In Table 2 potassium salicylate is shown as having a critical coagulation con- 
centration of 0-46 M. The action of salicylates on the virus differs in many re- 
spects from that of other salts. The physical character of the precipitate is differ- 
ent. It is amorphous instead of paracrystalline, and will not re-dissolve on shaking 
or diluting. The amount of the precipitate is proportional to the concentration 
of salicylate (up to an optimum concentration), and the virus in this precipitate 
is no longer infective (Best, 1940). 
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SUMMARY. 


The critical coagulation concentrations of a number of electrolytes for aqueous 
solutions of pure tobacco mosaic virus nucleoprotein have been determined at pH 7 
and 30° C. 

The precipitating power of cations runs parallel with their valency. 

The virus is precipitated from solution in the form of paracrystalline needles 
and fibres which retain their infectivity. 

The nature of the anion has a marked influence on the precipitating power, a 
lyotropic series being evident. The order of effectiveness was (on a molar basis) 
(NOz)’< (CNS)’<I’<Br’<Cl’, succinate, acetate< phthalate< phosphate < oxa- 
late< tartrate< malate <sulphate< citrate. 

Salicylates behave anomalously and denature the virus protein. 
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INTRODUCTION. 


In this paper are presented additional results of a study of the effect of phos- 
phorus supply and topping on the growth of the tobacco plant ; they comprise the 
nitrogen contents of the plant parts at various stages of growth, together with 
certain subsidiary observations on the phosphorus contents. It now becomes 
desirable to review the data as a whole in a search for some general principles under- 
lying ontogenetic changes. Growth and development consist of a large number 
of integrated processes determined by environmental and genetical factors. While 
many observations on the interrelation and determination of these processes have 
been made they have not as yet been co-ordinated by a systematized theoretical 
background. This fact frequently renders difficult the direct interpretation of 
data such as those with which we are at present concerned ; the method adopted in 
the discussion has therefore been to outline on somewhat theoretical grounds the 
factors that may determine various growth processes, and then to consider in a 
frequently speculative manner how such factors may have operated in the present 
experiment. The data permit three aspects of ontogenetic changes to be con- 
sidered : the first of these comprises the processes concerned in dry-weight and leaf- 
area changes; the second is the drifting nitrogen content of the parts and the pro- 
gressive redistribution of this element within the plant ; and the third is the chang- 
ing water content of the leaves. Although in many cases the discussion of the data 
is purely suggestive, it is hoped that, as further experiments are submitted to this 
type of analysis, the principles that are here adumbrated will acquire both clarity 
and precision. 








1 The work described in this paper was carried out as part of a general investigation on quality 
in tobacco undertaken by the Commonwealth Council for Scientific and Industrial Research, 
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EXPLANATION OF SYMBOLS. 
The previous papers in this series are referred to by italie numerals as follows: 1, Petrie, 
Watson and Ward (1939) ; 2, Watson (1939) ; 3, Ward and Petrie (1940). 
R, relative growth rate. 
E, unit leaf rate. 
F, leaf weight ratio. 
Subscript W indicates that either E or F is on a dry-weight basis. 


ANALYTICAL METHODS. 


The six replicates of dried material (1, p. 96) were combined according to harvest and treat- 
ment, and ground in a mill to pass a 1 mm. sieve. Total nitrogen was estimated by the Kjeldahl 
method, with copper sulphate as catalyst, after previous reduction of the nitrate present with 
salicylic acid and sodium thiosulphate. Phosphorus was estimated by the method of Zinzadzé 
(1931). All estimations were performed in duplicate, mean values being presented graphically. 


ABSOLUTE NITROGEN CONTENTS. 


Nitrogen was estimated in the material of all four treatments in the case of the 
leaf groups, but only in that of treatments I and IT in the case of the remaining 
plant parts. In the following paragraphs attention is drawn to the more out- 
standing features of the curves which will be discussed in the subsequent part of 
the paper. 


Total Plant (Fig. 1). 


The total amount of nitrogen supplied is closely approached by the maximum 
amount present in the total plant with treatment II; there was almost certainly, 
however, a small amount of nitrogen present in the sand in addition to that sup- 
plied. The plant with treatment I has a slightly smaller nitrogen content through- 
out. Although topping caused a significant increase in the dry weight it has not 
affected the maximum nitrogen content. After the penultimate harvest there is a 
loss of nitrogen, perhaps insignificant in the untopped plants, but possibly in- 
dicating a migration of nitrogen back to the soil in the case of the topped plants. 


Main Parts (Figs. 1-3). 


In both roots and stem of the untopped plants the absolute nitrogen curve 
with treatment II, although at first uppermost, is ultimately intersected by the 
rising curve of treatment I. The nitrogen in the inflorescence increases continu- 
ously with time in the case of both treatments, the content being lower with treat- 
ment I. The curves for the nitrogen content of the total leaves show an initial 
depression with treatment IV at harvest 2, as was the case in the dry-weight and 
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: Fig. 1. Absolute nitrogen content of the plant parts with treatments I and IT plotted 
additively to illustrate the effect of topping. The line L indicates the magnitude on the scale 
, of ordinates of the amount of nitrogen added to the sand in the nutrient solutions; this i 
| magnitude does not include any nitrogen that may have been initially present in the sand. 
The vertical lines marked T in this and succeeding graphs indicate the point in time at which : 
topping was performed; for comparative purposes this point in time has been marked in 
certain of the graphs for the untopped plants as well as in those for the topped plants. The 
part designated ‘‘apex’’ represents that which was removed at the time of topping. 
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Fig. 2. Curves of absolute amounts of nitrogen (in mg. per plant) in the plant parts. 
The broken vertical lines indicate corresponding points in time on the curves for the topped 
and untopped plants. 


water-content data. The curve with treatment I has a lower and later maximum 
and intersects the more rapidly declining curves for the higher treatments. 
In the topped plants of both treatments the accumulation of nitrogen in the 
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roots and stems is greater than in the case of the untopped plants, and the treat- 
ment curves do not intersect, although there is a convergence in the case of the 
roots. The net export from the leaves is less rapid, although the maximum 
attained is prebably no greater, and the intersection of the treatment curves is 
also less marked. 


The Leaf Groups (Figs. 4 and 5). 


The maximum nitrogen contents with treatment I in general occur later, and 
in all but the fourth group are also lower than those with treatments IT, III and IV; 
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it must be remembered that in the third and fourth groups the number of leaves 
varied with treatment (1, p. 103). The more rapid loss of nitrogen from leaves with 
the higher treatments results in an intersection of the curves with that for treat- 
ment I in the first and second groups; in the untopped plants the same would hold 
for the third and fourth groups combined, which would represent a group of 
approximately constant leaf number. 

Topping has but slightly retarded the net export of nitrogen in the first group, 
has caused a greater retardation in the second group, and in the third group has 
delayed the onset of net export and also considerably increased the maximum 


content. 
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Fig. 4. Curves of absolute amounts of nitrogen (in mg. per plant) in the leaf groups. 
The unbroken vertical lines (where necessary marked with appropriate treatment number) in 
this and successive graphs indicate the average time of attainment of ripeness for the group 
of leaves concerned (cf. 7; p. 108). 


PERCENTAGE NITROGEN CONTENTS. 
Main Parts (Figs. 6 and 7). 
Increasing phosphorus supply at first results in a higher percentage nitrogen 
content in the roots, stems and total leaves, but it also causes a more rapid decline, 
so that after harvest 4a the plants with low phosphorus supply have the higher 
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percentage nitrogen content. In the inflorescence, a higher content occurs with 
treatment I throughout the range of the observations. 

Topping has had little effect on the percentage nitrogen content of any of the 
main parts : there is a slight increase in the values for the roots and stem, and even- 
tually in those for the total leaves. The intersection of the curves occurs prior to 
or soon after topping, hence the curves for treatment I are uppermost in all parts 
of the topped plants. 
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Pig. 5. Curves of absolute amounts of nitrogen (in mg. per plant) in the leaf groups, the 
curves for the topped and untopped plants superimposed. 


The Leaf Groups (Figs. 8 and 9). 


The curves for the first group rise to a maximum at harvest 2; in the remain- 
ing groups there is a continuous decline from the first observation. The inter- 
section of the curve for treatment I with that for treatment II becomes earlier in 


each successive group. 

Although the treatment curves intersect in the topped plants as in the un- 
topped, topping has had a consistent effect with all treatments. In the first group 
it has caused a depression of the nitrogen content that tends to disappear with 
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Fig. 6. Curves of percentage amounts of nitrogen in the plant parts. 


time ; in the second group there is temporary depression, after which the curves of 
the topped and untopped plants intersect ; in the third group the depression is of 
even shorter duration or else is absent, so that the main effect of topping is an 
inerease in percentage nitrogen content. 
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ABSOLUTE PHOSPHORUS CONTENTS. 


A few exploratory estimations were made of phosphorus contents of the leaf 
groups. These do not give a complete picture of the accumulation of phosphorus, 
but reveal certain facts which are of value in interpreting the effect of phosphorus 
supply on the growth of the plants. 


The First and Second Leaf Groups (Fig. 10). 


In the first group the maximum phosphorus intake with treatment II is at 
harvest 3; there is every reason to believe that the maximum with treatment | 
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occurs at approximately the same time; these maxima are thus coincident in time 
with those for absolute nitrogen (Fig. 4). 

In the second group the maxima are delayed by the higher treatments, but are 
all near in time to the nitrogen maxima. 

Topping has reduced the net export of phosphorus from the second group 
leaves to negligible proportions, and with the higher treatments has led to in- 
creased accumulation. 


PERCENTAGE PHOSPHORUS CONTENTS. 


The First and Second Leaf Groups (Fig. 11). 


The percentage phosphorus contents show characteristic fall with time and 
increase with treatment. With treatments III and IV topping causes a decrease 
in content. 
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Fig. 9. Curves of percentage amounts of nitrogen in the leaf groups, the curves for the 
topped and untopped plants superimposed. 


DISCUSSION. 
1. THe DETERMINATION OF Dry-WEIGHT AND LeAaF-AREA CHANGES. 


It is proposed in this discussion to consider firstly ontogenetic changes that 
reveal themselves in the drifting leaf areas and dry weights of the plant parts. In 
the changes in these quantities all growth processes are perhaps ultimately con- 
cerned ; the scope of the data, however, makes it profitable to discuss only certain 
selected processes, these being cell division, cell extension, accumulation of reserves 
and differentiation. This classification is based to some extent on the work of 
Priestley (1929) and Loomis (1932)2; it must be regarded as both limited and 
tentative, although at the existing stage of theoretical advance it provides a con- 
venient foundation for the analysis of the data. 








2 The classification of growth processes is further considered by Needham (1933) and Petrie 
(1937). 
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1-1. Growth Processes and their Determinants. 


In the following paragraphs are suggested possible determinants of the selec- 
ted processes. They are here distinguished in general terms, and their application 
to the data will be considered in subsequent sections. 

(a) Cell Division. The rate of division is partly determined by nutrient 
supply (Ashby, 1937). The number of divisions that may oceur in a particular 
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Fig. 10. Curves of absolute amounts of phosphorus (in mg. per plant) in selected cases. 
Material was insufficient for analysis at harvest 2 in the first group. 


organ is in certain cases determined genetically (Sinnott and Dunn, 1935) ; 
possibly, however, genetical and nutrient factors interact. 

(8) Cell Extension. A series of interacting factors determines the rate and 
extent of this process, including supply of auxin and other hormones, water supply, 
the capacity of the cells for water intake, and the supply of nutrients*. Genetical 
factors may also play a part, but they may act by determining the extent of auxin 
production. Interaction of auxin and water supplies has been demonstrated by 





3 Cf. Went (1928) who concluded that there are four factors, viz., auxin, water, osmotically 
active materials and materials for cell-wall formation. 
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Bonner and Thimann (1934) and of auxin and nutrient supplies by Went (1935), 
Thimann and Schneider (1938), and Schneider (1938) (see also Went and 
Thimann, 1937). This is a more complex picture than that of Priestley (1929) 
and Loomis (1932), who consider that water supply almost alone determines the 
enlargement of newly-divided cells. It is readily conceivable that the rate of 
extension growth should be limited by the rate at which the organ can synthesize 
protoplasm*, which in turn depends upon nutrient supply. Recent work on the 
distribution of water in the cell also supports this. Mason and Phillis (1939) 
found that nearly two-thirds of the water of the cell is present in the cytoplasm. 
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According to a conclusion drawn by Bennet-Clark et al. (1936, 1939) and sup- 
ported by Mason and Phillis, the cytoplasm also actively secretes water into the 
vacuole ; this would further account for a relationship between the amount of cyto- 
plasm and the rate of stretching of the cell. 

(y) Accumulation of Reserves®. This process depends upon the extent to 
which the products of metabolism can be utilized for the formation of new proto- 
plasm consequent upon processes (a) and (8) and upon the rate of metabolism 
itself. When metabolites are produced more rapidly than they can be incorporated 
into the cell structure, they accumulate in the cells and add to their dry weight 


independently of increase in size. 














4 Strugger (1934) coneluded that swelling of the protoplasm is responsible for cell extension, 
but his results have been criticized by Went and Thimann (1937, p. 130). 
5 This is analogous to the ‘‘accretionary’’ growth of Huxley (1932, p. 149). 
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(8) Differentiation. This includes among other processes changes leading to 
the cessation of cell-wall extension. Two factors may cause this cessation. Firstly, 
thickening or other changes in the cell walls may cause them to lose the ability to 
react to auxin (du Buy, 1933; Ruge, 1937). Loomis (1932) suggests that the rate 
of differentiation of the cell walls depends on the amount of available carbohy- 
drates ; thus, if nitrogen supply is deficient, there is less drain on carbohydrates, 
so that the cell walls undergo more rapid thickening and earlier bring extension 
growth to a stop. Secondly, the supply of auxin may cease, as a result of which 
extension may cease and the walls begin to thicken ; du Buy (1933) found that cell 
walls are less permeable to auxin when they are old, and Avery (1935) found a 
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Fig. 12. Diagrams showing the percentage distribution of nitrogen within the plant 
during the growing period. The double-hatched portion in the diagram for the topped plants 
represents the nitrogen in the severed apex. 


complete disappearance of auxin from the tobacco leaf at the attainment of maxi- 
mum size. Cell-wall thickening must also be regarded partly as a process of 
accumulation of reserves (y). 


1-2. The Growth of the Parts. 


These conceptions of growth processes and their determinants can now be 
used in the following sections for the analysis of the dry-weight and leaf-area data 
recorded in the present work (7). Phenomena of particular interest are the effect 
of phosphorus supply and of topping on growth rate, the duration of growth, and 
the extent to which it consisted of increase in cell number and cell size and accu- 
mulation of reserves. 


1-21. The Roots. 
Increase in dry weight was more rapid with the higher phosphorus supplies 
(1, Fig. 3). Possible factors were more rapid cell division on account of increased 











PHYSIOLOGICAL ONTOGENY IN THE TOBACCO PLANT 327 


rate of synthesis of proteins and of essential phosphorus compounds such as lipins 
(see §2-35)®; and increased accumulation of reserves resulting from the greater 
leaf area per plant (§1-23). 

The roots continued to increase in dry weight till the end of the experiment. 
Such increase during late inflorescence development is not a general character of 
the growth of annual plants (cf. Ballard and Petrie, 1936, and Williams, 1936). 
Observation showed that secondary thickening must-have accounted for much of 
this late increase in dry weight ; continued division might also have occurred in 
the apical meristems. A second contributory factor must have been continued 
accumulation of carbohydrate reserves, which might have found other sinks had 
the development of lateral shoots been permitted. 

The greater size attained by the roots of the topped plants must have been due 
to the greater amounts of both nitrogen and carbohydrates which accumulated 
therein (ef. 7, p. 119), the former probably leading to further meristematic growth. 


1-22. The Stem. 


The remarks on the effect of phosphorus supply on the root dry weight (§1-21) 
are equally valid for the stem’. 

The fraction of the plant arbitrarily classed as stem probably ceased to in- 
crease in height in the untopped plants at harvest 4a, when the inflorescence was 
separated as a discrete fraction ; and the same applies in the topped plants from 
the time of topping : nevertheless from these times the stems approximately doubled 
in dry weight (1, Fig. 3). Included in the stem fraction were the continuously 
removed axillary shoots, and also the petioles and midribs, which must still have 
been increasing in weight, at least in the upper leaves, until the end of the experi- 
ment; but probably the main contributions to the doubling of the stem weight 
resulted from increase in thickness and deposition of storage materials. Extensive 
secondary thickening occurs in the stem; this organ is also known to be a sink of 
considerable magnitude for reserve assimilates. The apparent absence of effect of 
topping has already been discussed in 7 (p. 101). 


1-23. The Leaves. 


Increasing phosphorus supply had a greater effect on increase in area than on 
increase in dry weight (/, Figs. 5, 10 and 12), and with the higher treatments the 
dry weight of the leaves was at first decreased, although their area was increased§, 
Possibly with increasing supply the metabolites were put to more effective use in 
growth in size of the leaves, and accumulation of reserves was relatively less. 





6 Eckerson (1931) found almost complete inhibition of cell division in roots under extreme 
phosphorus deficiency. 





7 Eckerson (1931) found considerable decrease in cambial activity in extreme phosphorus 
deficiency. 


8 Decrease in area of individual leaves with phosphorus deficiency was shown also by 
Richards and Templeman (1936) for barley and by MeMurtrey (1938) for tobacco. 
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We have to consider, then, how this increase with treatment in rate of growth 
and final size was effected. The number of cell divisions occurring in the lea! 
meristem is partly determined genetically (ef. Sirks, 1931; Luckwill, 1937) ; if 
nutrient supply interacts with the genetical factor [§1-1, (a)], however, it is 
possible that the number of divisions was increased with high phosphorus supply. 
It is also probable that the increase in area with treatment was at least contributed 
to by increase in cell size. That cell size can be related to phosphorus supply has 
been shown by Lutman (1934) and Watts (1939) ; Richards (1932) also concluded 
that manurial effects on dry weight per unit area were mainly due to variations in 
the degree to which the leaves were inflated with water, and the present data show 
an increased water content on a dry-weight basis with treatment (2, Fig. 7). In 
either case the important determinant was probably increased rate of protein 
synthesis (§2-35) and increased rate of synthesis of certain organic phosphorus 
compounds. These increased metabolic rates, leading to greater and more rapid 
formation of protoplasm, would have the following consequences : the rates of cell 
division and cell stretching would be increased ; and carbohydrate reserves would 
be depleted, which according to Loomis’ suggestion would decrease the rate of cell- 
wall thickening, and so contribute to more prolonged stretching®. Apart from 
this factor it is possible that increased phosphorus supply directly increased the 
capacity of the cells for water intake, which would again increase the rate of cell 
stretching. This effect could be produced either by an increase in the osmotic 
pressure of the cell sap or the swelling capacity of the protoplasm, or else by an 
inerease in the water supply, for example as a result of increase in the absorbing 
capacity of the roots. Evidence concerning the effect of phosphorus supply on 
osmotie pressure of cell sap is conflicting, since Béning and Béning-Seubert (1934) 
found a decrease and Petrie (1932) an inerease. Boning and Béning-Seubert 
(1932) and Dunne (1932), however, have shown that increasing phosphorus 
supply increases the sap pH, which may result in an increase in swelling capacity 
of the protoplasm (Pearsall and Ewing, 1928). A final factor that suggests itself 
is an effect of phosphorus supply on auxin production. Avery, Burkholder and 
Creighton (1936, 1937) have shown that decreasing nitrogen supply decreases 
auxin production in plants, and that severe phosphorus deficiency also decreases 
it. At the same time they obtained no extra growth in nitrogen-deficient solutions 
by supplying heteroauxin, so that nitrogen deficiency at least does not limit growth 
by limiting auxin production. There is thus no evidence that variation in auxin 
supply is concerned in the effeet of phosphorus supply on the growth of leaves. 

The area of the upper leaves was increased by topping (/, Fig. 11). This may 





% Eckerson (1931) found increased cell-wall thickening in phosphorus-deficient plants. 


IXPLANATION OF FIGURE. 
Fig. 13. Curves of dry weight, area, and nitrogen and water contents of the leaf groups, 
the ordinates plotted on a logarithmic scale. 
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have resulted from the greater amount of nitrogen available, and hence the greater 
amount of protein synthesis : increase in cell number is not a factor, as has already 
been pointed out (7, p. 120). In the topped plants there was a considerable increase 
in the amount of dry matter in the leaves (7, Fig. 6), but less effective use was 
made of it (1, Fig. 13) probably owing to other limitations being placed on increase 
in cell size. 

Analysis of the data thus suggests that the main factor determining rate of 
area increase in the adolescent leaf was the rate of protein synthesis, the capacity 
of the cells for water intake also possibly playing a part. 

It is now of interest to consider the factors determining the cessation of in- 
crease in area, since this represents a cardinal point in the ontogeny of the leaf. 
Subsequent accumulation of dry matter, either as reserve materials within the 
cells or as thickening of the cell walls, depends upon the magnitude of the external 
sinks and the rate of carbon assimilation, the latter factor being partly determined 
by the rate of loss of protein nitrogen from the leaf (Williams, 1939). With the 
exception of the third-group leaves with treatment I, the data do not reveal any 
clearly-defined effect of treatment on time of cessation of increase in size ; the time 
differed, however, according to group and presence or absence of inflorescence (1, 
Figs. 10 and 11). From the foregoing analysis four factors may be regarded as 
possibly concerned in fixing the time of maturity, these being auxin and water 
supplies, the capacity of the cells for water intake, and the supply of nutrients. 
Concerning the supply of auxin and the capacity for water intake we have little 
information other than the discovery of Avery that auxin disappears from 
tobacco leaves at the attainment of maturity. The absolute water content in the 
lower leaves generally attained its maximum simultaneously with the leaf area 
(Fig. 13) ; it is thus possible that in the lower leaves deflection of water supply to 
newly-formed organs caused cessation of expansion. On the other hand in the 
upper leaves the absolute water content continued to increase after cessation of 
expansion ; this is clearly seen by comparison of 7, Fig. 11 and 2, Fig. 4, and also in 
Fig. 13. Nitrogen began to undergo net export from the leaves in many eases prior 
to and in no case later than the cessation of increase in area: phosphorus in the 
first group commenced net export simultaneously with nitrogen and in the un- 
topped plants of the second group prior to nitrogen with treatment I (Fig. 10). 
Two possible explanations may therefore be suggested for the cessation of increase 
in area: firstly a break-down of protoplasm, due to net export of nitrogen, or pos- 
sibly in certain cases to net export of phosphorus, may have prevented further 
growth in cell size"; secondly reduction in the rate of protein synthesis, due to 
net withdrawal of nitrogen, may render carbohydrates available for cell-wall 
thickening with consequent loss of elasticity. Thus, while water supply may have 
been the limiting factor in the expansion of the lower leaves, it seems more prob- 





10 Evidently a considerable amount of nitrogen can pass out of the leaf before protoplasmic 
break-down commences, since increase in both area and water content can continue for some 
time after commencement of net nitrogen export; cf. $4. 
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able from the present data that net export of nitrogen or phosphorus effected the 
limitation at least in the upper leaves. This conforms with Crowther’s (1934, 
1938) conception of internal nitrogen starvation as the cause of cessation of vegeta- 
tive growth. 


1-3. The Relative Growth Rate. 


The final aspect of dry-weight change that we shall discuss is the relative 
growth rate of the whole plant, in terms of its two factors, E and F. Only broad 
features can be taken into account here owing to the variability of the data. 

Williams (1939) has shown that an important factor determining the drift of 
Ew with time, and the intersections in the curves which he obtained with different 
phosphorus supplies, is the drift in protein-nitrogen content of the leaves. While 
protein nitrogen was not estimated in the present work, a general similarity is 
evident between the curves of Ew (1, Fig. 15) and those for the percentage total- 
nitrogen content of the leaves as a whole (Fig. 6) ; the similarity lies in the general 
form of the drift and to a certain extent in the effect of treatment. The declining 
nitrogen content will be discussed in §3. It cannot of course be concluded that 
changes in protein-nitrogen content accounted for all the changes in E or even for 
so much of them as in the data examined by Williams. Williams also showed that 
temperature is an important determinant of Ew; in the present case, however, the 
fluctuations in temperature (17, Fig. 15) had only a small range compared with that 
of Williams’s data. 

The progressive decline in F also contributed to the decline in R. The former 
was due to the growth of the stem and later to that of the inflorescence also. Top- 
ping, by eliminating the inflorescence, lessened the decline in the later stages ; but, 
by the time this effect became appreciable, E had fallen to such low values that the 
effect on R resulted in only a small effect on the size of the total plant. 


2. THE DETERMINATION OF NITROGEN ACCUMULATION. 


It is proposed in this section firstly to consider the determination of the rate 
and extent of nitrogen intake by the plant as a whole, the data for which were 
presented in Fig. 1. Three factors are visualized as determinants of these quan- 
tities : (a) the external concentration or supply of nitrogen (§2-1) ; (b) the ability 
of the roots to take in nitrogen (§2-2) ; and (c) the eapacity of the tissues as sinks 
for nitrogen (§2-3). The assessment of the third factor leads to consideration of 
the interrelations among the various parts, and the redistribution of nitrogen 
among them which is one of the characteristies of plant ontogeny (§2-4). 


2-1. The External Concentration of Nitrogen. 


The external concentration of nitrogen became greatly diminished with time, 
and must have fallen to a comparatively low value in the case of treatment IT. 


Examination of the data shows also that, at the same external nitrogen concentra- 
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tion, the rate of uptake of nitrogen per unit of dry matter formed was greater with 
treatment II than with treatment I; this must be attributed to internal factors. 
The rate of uptake per unit of dry matter formed also declined as the external con- 
centration fell: the fall in concentration, however, would not be the only factor 
determining the fall in the rate; the data of Ungerer (1935) for instance show that 
the rate falls even when the external concentration is maintained constant. The 
fall with time in the rate of uptake of nitrogen per unit of dry matter formed is an 
index of the progressive differentiation of the plant, of the accumulation of non- 
living material and of the movement of nitrogen from old to younger parts. The 
decline in external nitrogen concentration probably hastened these internal changes 
to some extent ; and the more rapid decline with treatment II contributed to the 
relative earliness of the maximum of absolute nitrogen in the total leaves. Dimin- 
ishing supply probably contributed largely to the cessation of intake in the case 
of treatment II, but limitation of growth by phosphorus deficiency was probably 
the important factor in the case of treatment I. 


2-2. The Ability of the Roots to take in Nitrogen. 


Crowther (1934) found that, in the cotton plant, simultaneously with the 
rapid transfer of nitrogen and carbohydrates to the inflorescences, the nitrogen 
uptake from the soil ceased. This is fairly generally seen in other plants also (e.g. 
in oats, Williams, 1938 ; in barley, Gregory, 1937, p. 563). Crowther suggests that 
concentration gradients of carbohydrates are steeper in the direction of the bolls 
than in that of the roots, so that the carbohydrate supplies to the roots are greatly 
reduced. Root growth therefore stops, and therewith intake of nitrogen. In the 
tobacco plant, however, as pointed out in §1-21, the inflorescence does not exert 
such a large drain on carbohydrate supplies, which continue to be available to the 
roots. Conceivably then, in the present experiment, complete loss of capacity for 
intake by the roots did not occur; it is possible, however, that there was a decline 
in this capacity, which may have contributed to fall in the rate of intake of 
nitrogen. 


2-3. Capacity of the Parts as Sinks for Nitrogen. 


So long as growth of an organ by increase in cell number or cell size continues, 
the organ probably represents a sink for nitrogen; at the same time the duration 
of growth of the organ may depend upon the continuance of the nitrogen supply. 
We have now to consider the extent to which the various organs represent such 
sinks, the competition between them, and the resulting distribution of nitrogen 
among them throughout the growing period. 


2-31. The Roots. 

Since increase in cell number was probably continuous in the roots during the 
course of the experiment (ef. §$1-21), these organs would probably have been a 
continuous sink for nitrogen ; and in fact in the untopped plants with treatment | 
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there was a slow, continuous accumulation of nitrogen in the roots, derived almost 
wholly (i.e., except after the penultimate harvest) from the external medium. 
With treatment I] accumulation was at first more rapid than with treatment I; 
this was probably due partly to more rapid protein synthesis with greater phos- 
phorus supply (§2°35). Accumulation nevertheless ceased earlier with treatment 
II, as pointed out in §1-21, and explained in §2-34. Subsequent increase in cell 
number must have involved redistribution of nitrogen within the plant!!. At this 
time nitrogen was being exported from the upper leaves, but evidently the inflores- 
cence represented for this a more favourably situated sink: in the absence of the 
inflorescence, in the topped plants, a considerable amount of nitrogen was exported 
from the leaves to the roots. 


2-32. The Stems. 


In the untopped plants with treatment I there was progressive accumulation 
of nitrogen in the stem (Figs. 1 and 2) ; this must have colleeted partly in the con- 
tinuously removed axillary buds!*. With treatment II, however, where the sinks 
represented by leaves and inflorescence were greater and there was more rapid 
depletion of supply, nitrogen accumulation, as in the roots, ceased early, so that 
ultimately the treatment II stems, although larger, had a smaller absolute as well 
as percentage nitrogen content. There was no net loss from the stems to the 
inflorescence as was found by Williams (1938) in oats. The dry weight of the stem 
fraction as arbitrarily taken was inappreciably different in the topped and un- 
topped plants; the extra nitrogen accumulated in the former case must therefore 
presumably have been laid down in storage form. The capacity of the stem and 
roots to retain nitrogen in this form may have been exceeded in the topped plants 
where a loss to the external medium possibly occurred. 


2-33. The Leaves. 


The slope of the ascending limb of the absolute nitrogen curves was increased 
by treatment (Figs. 2 and 4) ; this is probably attributable to the effect of increasing 
phosphorus supply on the rate of protein synthesis (§2°35). Whether differences 
in relative leaf growth rates to any extent determined differences in rate of 
accumulation of nitrogen cannot be decided : it has already been suggested (§1-23) 
that the rate of protein synthesis was a major factor determining the rate of 
growth, and that cessation of nitrogen supply or phosphorus supply was the cause 
rather than the effect of cessation of increase in leaf area. The delayed maximum 
of nitrogen intake with treatment I will be discussed in §2-34. 


2-34. Redistribution of Nitrogen. 


We have now to consider more closely the redistribution of nitrogen within 
the plant during ontogeny. Nitrogen accumulated by each leaf subsequently 





11 Engel (1929, p. 153) gives evidence that this can oceur in the absence of nitrogen supply. 
12 These, as stated in 1, p. 96, were included with the stems. 
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underwent net export to organs higher in the acropetal series, either later-formed 
leaves or the inflorescence, and in the topped plants to the stems and roots. For 
later-formed organs or tissues, the mature leaves evidently form more favourable 
nitrogen sources than the external medium ; the extent to which redistribution con- 
tributes to, or is the result of, decline in rate of nitrogen intake by the whole plant 
is at present uncertain. 

In the net loss of nitrogen from leaves various factors may be involved!*, 
Concentration gradients of certain soluble nitrogen compounds may be established 
between later-formed organs and the older leaves; the rate of export would con- 
sequently eventually exceed that of import. The younger organs may conceivably 
also exert a hormonal influence on protein synthesis or hydrolysis in the older 
ones. In addition to these interrelations between organs there may be an intrinsic 
factor in the leaf which causes an increase in the rate of protein break-down with 
time (§2-35). 

The present data suggest that the rise of competing sinks represented by 
organs higher in the acropetal series was an important factor leading to the com- 
mencement of net export by the leaf groups. The greater part of the nitrogen 
exported from the first group of leaves went to the third group, and in the un- 
topped plants also to the fourth group ; this occurred at the time when these higher 
groups were rapidly growing. Export was well advanced by the time of topping, 
and was consequently little affected by this process; similarly senescence was 
equally rapid in both topped and untopped plants. In the second group com- 
mencement of net export was coincident with the development of the third group; 
in the untopped plants the inflorescence must also have acted as a sink for some 
of the nitrogen from the second group, and in the topped plants the withdrawal 
was of smaller magnitude. Net export in the second group generally commenced 
when the area was still increasing, and therefore presumably when the capacity of 
the internal sink was still increasing ; this suggests the importance of external sinks 
in determining export. In the third leaf group of the untopped plants the ex- 
ported nitrogen went largely to the inflorescence. In the topped plants there was 
a much greater accumulation and a smaller net loss: ultimately, however, there 
was a net export to the stems and roots; this was possibly due solely to the fact 
that these organs are potential sinks which become operative if nitrogen is not 
wholly taken up by other parts. Net import of nitrogen by the fourth group 
oceurred during the time of rapid accumulation by the inflorescence : evidently the 
supplies from the lower leaves were sufficient to permit accumulation by both 
parts. 

The amount of nitrogen taken into the plant was slightly larger with treat- 
ment II than with treatment I, but the dry-weight difference was relatively greater ; 
in the larger plant the proportions of the parts were nevertheless approximately 
the same (/, Fig. 8). On account of the more rapid decrease in supply with treat- 





13 For a further discussion, see Walkley (1940). 
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ment II, the drain by each successive organ on those previously formed must have 
been greater than with treatment |; this applies especially to the drain by the in- 
florescence. Asa result a greater proportion of the total nitrogen of the plant was 
finally resident in the inflorescence with treatment II (Fig. 1). The absolute nitro- 
gen curves consequently intersect in all vegetative parts (Fig. 2): nitrogen was 
removed more rapidly from the leaves with treatment I1, and in the other parts less 
was available for aceumulation. In the case of the topped plants the upper leaves 
acted similarly to the inflorescence, and tended to produce similar, although less 
pronounced effects. These results resemble those of Williams (1938), who found 
in oats that high phosphorus treatment caused earlier senescence and more rapid 
loss of nitrogen from the leaves as a whole. 

These considerations suggest that the main factor determining the net export 
of nitrogen from the leaves may have been the rise of external sinks. Export from 
the upper leaves was greatly decreased when the sinks were reduced by topping, 
and was increased wherever the sinks were increased by increasing phosphorus 
supply. There is, however, one phenomenon so far unexplained, namely the export 
of 180 mg. of nitrogen from the plant as a whole; this might be regarded as pointing 
to the operation of an intrinsie factor in the leaves, but could conceivably also be 
explained in other ways. 


2-35. Determinants of Protein Synthesis. 


There are certain factors that may influence protein synthesis in leaves whose 
possible effects on nitrogen distribution within the plant may be further considered 
here. Williams (1938), Smirnow, Strom and Kuznetzow (1938), and other authors 
quoted by Williams, have found that nitrogen accumulated in soluble forms to a 
greater extent in phosphorus-deficient plants. This indicates that increasing phos- 
phorus supply increases the rate of protein synthesis from a given concentration 
of nitrogenous precursors. There is little doubt, as stated in previous sections, 
that this acceleration of protein synthesis occurred in the present experiment also, 
and accounted for the greater total-nitrogen content of the young leaves with high 
phosphorus supply, and hence contributed to their greater growth rate. Con- 
versely it is possible that early removal of phosphorus from leaves in the plants 
receiving low supply may have hastened net export of nitrogen. 

Another factor that can cause protein hydrolysis is reduction in water content 
(Mothes, 1931; Petrie and Wood, 1938). Deflection of the transpiration stream to 
other sinks might thus have led to protein break-down in the leaf; in no ease, how- 
ever, did decrease in absolute water content precede net nitrogen export, and in 
many cases it was later (Fig. 13). There is thus no evidence for the operation of 
this factor. 

Finally there is the possibility of a purely intrinsie factor (§2-34) leading to 


a decreased rate of protein synthesis or increased rate of hydrolysis, or even to a 
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complete loss of the power of synthesis, as the leaf becomes older. Such a factor 
has been suggested by Mothes (1931) ; as seen from the last section, however, the 
evidence in the present data for the existence of such a factor is not very strong. 


3. THE DETERMINATION OF PERCENTAGE NITROGEN CONTENT. 


The foregoing sections have been concerned with the determination of the 
absolute nitrogen content and of the movement of nitrogen within the plant. There 
remains for more direct consideration the drift in nitrogen content on a dry-weight 
basis. During the greater portion of the experiment the percentage nitrogen con- 
tent declined in all parts as is generally the case in plant ontogeny. Three factors 
evidently contributed to the decline : the progressive differentiation of the organs, 
associated with the accumulation of reserves and thickening of cell walls; the 
declining external concentration; and in the ease of the leaves the eventual net 
export of nitrogen. 

Increasing phosphorus supply at first increased the percentage nitrogen con- 
tent, probably on account of the effect on protein synthesis already referred to 
(§2-35). Subsequently the curves intersected. In general this was because, 
although the initial nitrogen supply was the same in both treatments, the ultimate 
dry weight of the treatment II plants was greater; a similar state of affairs has 
been shown for oats by Williams (1938) and by Gregory (1937, p. 561) for barley. 
In the vegetative parts the greater demand of the later-formed organs, and espec- 
ially of the inflorescence, for the available nitrogen (§2-34) must also have con- 
tributed to the intersection of the curves. Moreover, as each successively formed 
part develops under conditions of greater nitrogen shortage, the intersection 
becomes earlier. 

The effect of topping on the percentage nitrogen content is also to be visualized 
as the resultant of the drifts in absolute nitrogen and dry weight. In all groups 
topping caused less drain on the carbohydrates by external sinks: the inflorescence 
is replaced by tissues more capable of photosynthesis. On the other hand, third 
group leaves during early development drew on the nitrogen in the first and second 
groups almost as much as did the inflorescence and fourth groups in the untopped 
plants; hence the depressions in the percentage nitrogen curves. For the third 
group the sinks were small and the percentage nitrogen content was raised. 

The percentage nitrogen content at the stage of maximum area, or at the stage 
of ripeness, is of the same order in each group; the percentage organic acidity (3), 
percentage water (2) and area per unit dry weight (7), however, are less in each 
successive group. This suggests that the proportion of cell sap (in which the 
organic acids are largely in solution) to cytoplasm is less in the upper than in the 
lower leaves. This would be so if expansion was decreased in rate in the upper 
leaves until it was no longer possible owing to break-down of protoplasm or cell- 
wall thickening (ef. §1-23). Such a state of affairs could be attributed to progres- 
sive water deficiency associated with decrease in atmospheric humidity and with 
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the larger number of leaves on the plant as growth proceeded. Evidence that this 
is the correct interpretation of the data is given by Maximoy (1929). 

The stage of ontogeny characterized by the attainment of technical ripeness 
(1, pp. 96 and 108) tended to be later where the percentage nitrogen content fell 
more slowly. 


4, COMPARISON OF DriFTs IN NITROGEN AND WATER CONTENTS. 


In general water accumulated in the leaf groups faster than nitrogen (Fig. 13). 
This is probably an indication of the progressive vacuolization accompanying 
differentiation of the cells. In the determination of the position of the maximum 
and the rate of fall, the important factor for both water and nitrogen, with higher 
treatments, is the earlier senescence indirectly induced by high phosphorus supply ; 
this has been made clear in the works of Williams (1936, 1938) and Watson (2), 
and in §2-34 of the present paper. Nevertheless the treatment effect was not 
identical in nitrogen and water contents, and the dissimilarities call for attention. 

In the first group the absolute nitrogen maximum appears to have been later 
with treatment I, and the decline soon became less rapid than with the other treat- 
ments. This was clearly due, as has been pointed out, to the less acute drain on 
nitrogen by the more slowly developing plant of treatment I. In the case of the 
absolute water content the maximum was scarcely later, and the decline was more 
rapid than with the higher treatments. As was pointed out in 2 (p. 249), senes- 
cence was probably more rapid in these leaves with treatment I on account of 
phosphorus deficiency (see Figs. 10 and 11), so that more rapid protoplasmic 
break-down may explain the more rapid fall in absolute water content. If this 
were the true state of affairs net nitrogen export did not accurately reflect proto- 
plasmic break-down, but was subject to the superimposed influence of the mag- 
nitude of the sinks. 

In the second group the nitrogen-phosphorus balance had shifted and the 
relative nitrogen deficiency of the plants receiving higher treatments now pre- 
dominated as the factor determining the rate of senescence. Consequently both 
water and nitrogen curves behave similarly in relation to treatment. It is apparent, 
however, that much nitrogen can be lost from the leaf before absolute water loss 
commences. 

This disparity between the maxima of nitrogen and water became very marked 
in the third group. In the third and fourth groups combined also, the more rapid 
net export of nitrogen with the higher treatments was again apparent and was yet 
not shown by the water content. These results agree with those of Walkley (1940), 
who showed that almost half the protein in the fourth leaf of barley may break 
down before there is any decrease in absolute water content. In the work of Petrie 
(1937) and Williams (1938) there are also instances of the maximum for absolute 
protein nitrogen preceding that for absolute water in the leaves of cereals. Pos- 
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sibly the initial net loss of nitrogen is due to break-down of storage proteins (ef. 
Petrie and Williams, 1938). 

The total-leaf curves of absolute water and absolute nitrogen differ in the 
present experiment mainly because of the differences in the drifts in the first group 
of leaves. 


SUMMARY. 


The maximum absolute nitrogen content of the total plant was slightly in- 
creased with increasing phosphorus treatment, but was unaffected by topping. The 
absolute nitrogen content was at first greater with high phosphorus supply in all 
parts, but in the vegetative parts of the untopped plants and the lower parts of 
the topped plants it was ultimately greater with low phosphorus supply. Both top- 
ping and phosphorus deficiency delayed migration of nitrogen from the leaves 
during senescence. 

The percentage nitrogen (on a dry-weight basis) in all parts was at first higher 
with high phosphorus supply, but subsequently it became lower. Topping in 
general slightly increased the percentage nitrogen content of the parts, although 
there was a depression in the leaves which became increasingly transient the later 
they were formed. 

An analysis is presented of the determination of the ontogenetic changes 
observed throughout the investigation. Dry-weight and leaf-area changes are con- 
sidered in relation to four growth processes and their determinants; the processes 
are cell division, cell extension, accumulation of reserves, and differentiation eaus- 
ing cessation of cell-wall extension. 

The main process determining the more rapid increase in the dry weight of 
roots and stem with treatment is regarded as more rapid cell division resulting 
from greater available amounts of phosphorus. Their continued increase in dry 
weight resulted both from secondary thickening and accumulation of carbohydrate 
reserves. The greater effect of increasing phosphorus supply on increase in are? 
of the leaves than on increase in dry weight is considered to have been due to 
increased size of cells and possibly also to increased number. In either case 
increased rate of protein synthesis is regarded as an important determining factor ; 
direct effect of phosphorus supply on water uptake by the leaf cells may contribute 
to the area increase. The increase in area with topping is attributable to greater 
amount of protein synthesis resulting from the greater amount of nitrogen present. 
Cessation of increase in leaf area appears most probably due to net export of nitro- 
gen, causing cessation of formation of protoplasm and permitting carbohydrate 
accumulation and eell-wall thickening. 

The major determinants of nitrogen uptake by the plant are regarded as the 
declining external concentration, the capacity of the various parts as sinks, and 
the redistribution of nitrogen within the plant during the growing period. In- 
creased rate of protein synthesis with increased phosphorus supply probably ae- 
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counted for the greater intake of nitrogen by the various organs with higher 
treatment. 

One factor leading to cessation of net nitrogen intake by successive leaves 
was the rise of the competitive sinks represented by leaves higher in the acropetal 
series and finally by the inflorescence, into which much of the leaf nitrogen ulti- 
mately migrated. In the topped plants tie place of the inflorescence in this respect 
was taken to a considerable extent by the roots. In the plants receiving higher 
treatments the dry weight was greater although the nitrogen content was approxi- 
mately the same; the drain by the inflorescence was consequently greater, resulting 
in a smaller absolute amount of nitrogen remaining in the vegetative parts. In 
the topped plants the upper leaves tended to act similarly. On the whole most of 
the data recorded can be explained by supposing that net export of nitrogen from 
organs is due to concentration gradients between them and organs or tissues more 
recently formed. 

The percentage nitrogen contents are finally diseussed and a comparison made 
of the drifts in nitrogen and water contents. 


REFERENCES. 


Ashby, E. (1937): Proe. Linn. Soe. Lond., 1936-7, Pt. 2, p. 59. 

Avery, G. 8. (1935): Bull. Torrey Bot. Club, 62, p. 313. 

Avery, G.8., Burkholder, P. R. and Creighton, H. B. (1936): Proce. Nat. Acad. Sei., 22, p. 673. 
Avery, G.8., Burkholder, P. R. and Creighton, H. B. (1937): Amer. J. Bot., 24, p. 553. 
Ballard, L. A. T. and Petrie, A. H. K. (1936): Austral. J, exp. Biol., 14, p. 135. 
Bennet-Clark, T. A., Greenwood, A. D. and Barker, J. W. (1936): New Phytol., 35, p. 277. 
Bennet-Clark, T. A. and Bexon, D. (1939): Nature, 144, p. 243. 

Boning, K. and Béning-Seubert, E. (1932): Biochem. Z., 247, p. 35. 

Boning, K. and Boning-Seubert, E. (1934): Ibid., 270, p. 122. 

Bonner, J. and Thimann, K. V. (1935): J. gen. Physiol., 18, p. 649. 

Eckerson, 8. (1931): Contr. Boyce Thompson Inst., 3, p. 197. 

Crowther, F. (1954): Ann. Bot., 48, p. 877. 

Crowther, F. (1938): Indian J. agric. Sei., 8, p. 617. 

Du Buy, H. G. (1933): Ree. Trav. bot. néerl., 30, p. 798. 

Dunne, T. C. (1932): Hilgardia, 7, p. 207. 

Engel, H. (1929): Planta, 7, p. 131. 

Gregory, P. G. (1937): Ann. Rev. Biochem., 6, p. 557. 

Huxley, J. S. (1932): Problems of Relative Growth, London. 

Loomis, W. E. (1932): Proe. Amer. Soe. Hort. Sei., 29, p. 240. 

Luekwill, L. C. (1937): Ann. Bot., N.S. 1, p. 379. 

Lutman, B. F. (1934): Vermont Agric. Exp. Sta. Bull. 383. 

MeMurtrey, J. E. (1938): U.S.A. Dept. Agric. Tech. Bull. 612. 

Mason, T. G. and Phillis, E. (1939): Ann. Bot., N.S., 3, p. 531. 

Maximov, N. A. (1929): The Plant in Relation to Water, English Translation, London. 
Mothes, K. (1931): Planta, 12, p. 686. 

Mothes, K. (1932): Biol. Centr., 52, p. 193. 

Needham, J. (1933) : Biol. Revs., 8, p. 180. 

Paech, K. (1935): Planta, 24, p. 78. 





340 RUTH WATSON anp A. H. K. PETRIE 


Pearsall, W. H. and Ewing, J. (1929): Ann. Bot., 43, p. 27. 

Petrie, A. H. K. (1932): J. Austral. Coun. Sei. and Industr. Res., 5, p. 177. 

Petrie, A. H. K. (1937): Austral. J. exp. Biol., 15, p. 386. 

Petrie, A. H. K., Watson, R. and Ward, E. D. (1939): Ibid., 17, p. 93. 

Petrie, A. H. K. and Williams, R. F. (1938) : bid., 16, p. 347. 

Petrie, A H. K. and Wood, J. G. (1938): Ann. Bot., N.S., 2, pp. 33 and 887. 

Priestley, J. H. (1929): New Phytol., 28, p. 54. 

Richards, F. J. and Templeman, W. G. (1936): Ann. Bot., 50, p. 367. 

Ruge, U. (1937): Planta, 27, p. 436. 

Schneider, C. L. (1938): Amer. J. Bot., 25, p. 258. 

Sinnott, E. W. and Dunn, L. C. (1935): Biol. Revs., 10, p. 123. 

Sirks, M. J. (1931): Genetica, 13, p. 210. 

Smirnow, A., Strom, E. and Kuznetzow, 8S. (1938): Bull. de 1’Acad. des Sei., U.R.S.S., Sér. biol., 
No. 2, p. 165. 

Strugger, 8. (1934): Jahrb. wiss. Bot., 79, p. 406. 

Thimann, K. V. and Schneider, C. L. (1938): Amer. J. Bot., 25, p. 627. 

Ungerer, E. (1935): Z. Pflanzenernihr., A, 39, p. 15. 

Walkley, J. (1940): In press. 

Ward, E. D. and Petrie, A. H. K. (1940): Austral. J. exp. Biol., 18, p. 21. 

Watson, R. (1939): Ibid., 17, p. 241. 

Watts, V. M. (1939): Arkansas Agric. Exp. Sta. Bull. 366. 

Went, F. W. (1928) : Ree. Trav. bot. néerl., 25, p. 1. 

Went, F. W. (1935): Proc. kon. Akad. Wetensch., Amsterdam, 38, p. 752. 

Went, F. W. and Thimann, K. V. (1937) : Phytohormones, New York. 

Williams, R. F. (1936): Austral. J. exp. Biol., 14, p. 165. 

Williams, R. F. (1938) : Ibid., 16, p. 65. 

Williams, R. F. (1939) : Ibid., 17, p. 123. 


Zinzadzé, C. (1931): Proc. Internat. Soe. Soil Sci., 6, p. 95. 





